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Executive Summary

This report summarizes results of research activities
conducted in 2000, 2001, and years previous to aid in the
managenent and recovery of fall chinook salnon in the Col unbia
Ri ver basin. The report is divided into sections and self-
standi ng chapters. For detailed summaries, we refer the reader
to the abstracts given on the second page of each chapter. The
Annual Reporting section includes information provided to
fishery managers in-season and post-season, and it contains a
detailed summary of life history and survival statistics on wld
Snake River fall chinook sal non juveniles for the years 1992-
2001. The Journal Manuscripts section includes conplete copies
of papers submtted or published during 2000 and 2001 that were
not included in previous annual reports. Publication is a high
priority for this project because it provides our results to a
wi de audience, it ensures that our work neets high scientific
standards, and we believe that it is a necessary obligation of a
research project. The Bibliography of Published Journal
Articles section provides citations for peer-reviewed papers co-
aut hored by personnel of project 199102900 that were published
from 1998 to 2001.
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CHAPTER ONE

Dat a and Anal yses on Juvenil e Snake River
Fal | Chi nook Sal non, 1992-2001

by

Wl liam P. Connor
USFW5 | daho Fi shery Resource O fice
P. O Box 18 Ahsahka, |daho 83520



Abstract.—In this chapter, | summarize in-season and post-
season data and anal yses as follows. Early life history timng
and growh in 2001 is described and conpared to ot her years.
Passage forecast performance in 1999, 2000, and 2001 is
assessed. The factors affecting survival for the years 1998—
2001 are identified. Fry enmergence during 2001 occurred earlier
in the upper reach than in the | ower reach of the Snake River.
Fry emergence in 2001 in the upper reach was simlar to other
years (2001 nedian 22 April; 19952000 grand nmean 22 April).

Fry enmergence in the lower reach was a little later than during
ot her years (2001 nedian 6 May; 1992-—2000 grand nean 2 May).
Shoreline rearing by parr during 2001 occurred earlier in the
upper reach than in the | ower reach of the Snake River. Rearing
timng in the upper reach of the Snake River in 2001 was earlier
t han during other years (2001 nedian 29 April; 19952000 grand
mean 17 May). Rearing timng in the |ower reach of the Snake

Ri ver was al so earlier than during other years (2001 nedi an 20
May; 1992-2000 grand nean 30 May). Mean growh rate was hi gher
for parr in the upper reach than in the | ower reach of the Snake
River. Mean growth rate for parr in the upper reach was
slightly I ower than during other years (2001 nean 1.1 nm d;
19952000 grand nmean 1.2 mid). Mean growh rate of parr in the
| ower reach was the sane as during other years (2001 nean 0.9
mm d; 19922000 grand nean 0.9 nmd). Passage of snolts from

t he upper reach was later than normal (2001 nedian 15 July;
19952000 grand nean 5 July). O the 1,163 parr PIT tagged in
the |l ower reach, a total of 185 were detected as snolts as they
passed Lower Granite Dam The nedi an date of passage for fish
fromthe |l ower reach was earlier than normal (2001 nedian 7
July; 19922000 grand nean 15 July). Passage forecast
performance varied anong years. The forecasts in 1999 and 2000
performed relatively well except during relatively short tine
periods in the mddle of the run. To the contrary, forecast

per formance was poor in 2001 because the forecasting nethod was
not devel oped for such low fl ow conditions. Mean survival to
the tailrace of Lower Granite Dam for the four cohorts in 2001
was only 20.5% which is the | owest observed for the 1998-2001
time period. Survival was affected by both flow and
tenperature. The regression nodel fit to describe survival was:
Cohort survival = 146.94900 + 0.02885 X Flow - 7.4998 X
Tenperature (N = 16; P < 0.0001; R = 0.896). Cohort surviva

generally increased as flow increased, and decreased as water
t enperature increased.



| nt roducti on

W1 d subyearling Snake Ri ver fall chinook sal non snolts
listed for protection under the Endangered Species Act (NMFS
1992) typically mgrate seaward in the | ower Snake River during
| ate spring and sunmer when flowis |low (chapters four and six
in this report). During recovery planning, it was determ ned
that summer water conditions in Lower Granite Reservoir (Figure
1) were unfavorable for snmolt survival (NMFS 1995). 1In July of
1992, a small volunme of stored reservoir water was released to
increase flow and decrease water tenperature in Lower Ganite
Reservoir. Thereafter, |arger volunes of water were rel eased
annual |y between 21 June and 31 August. Releasing this stored
water is called sumrer flow augnentati on.

There is not enough reservoir water available to optim ze
passage conditions in Lower Granite Reservoir throughout the 21
June to 31 August tinme period. Therefore, interagency
managenent teans (e.g., FPAC and TMI) neet regularly from 21
June to 31 August to apportion the [imted water for sumer flow
augnentation. Fishery managers use their professional judgnment
and the best available information to devel op a water nmanagenent
plan to guide the inplenentation of sumer flow augnentation.
This information includes projections of water availability, in-
season flow and water tenperature data, historic and in-season
passage data, and forecasts of snolt passage at Lower G anite
Dam (e.g., Connor et al. 2000).

Since 1992, personnel of project 199102900 have been
assisting fishery managers during planning, inplenentation,
nmoni toring, and eval uation of sumrer flow augnentation. Mich of
the data provided to fishery managers are in the formof records
conpiled on wild fall chinook sal non juveniles that were tagged
with Passive Integrated Transponder (PIT) tags (Prentice et al.
1990b). The PIT-tag data are provi ded weekly each year via the
PIT-tag Information System where in turn, it is downl oaded,
anal yzed, and posted in real time on Internet services (e.g.,
DART; Program Real Ti ne, Burgess and Skal ski 2001) to all ow
managers to track the progress of the snolt mgration.

In 2001, | provided nenbers of FPAC and TMI an i n-season
briefing in early July, 2001 that included: 1) a sunmary of 2001
catch and tagging data; 2) a conparison of observed tinme of fry
and parr presence anong the years 1992 to 2001; 3) a
conpari son of parr growh anong the years 1992 to 2001; and 4) a
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Figure 1—+tocations of the upper and | ower reaches of the

Snake River where adult fall chinook sal non spawn and their
of fspring were captured by using a beach seine (cross hatche:
el lipses) and dams where PIT-tagged snolts were detected
during seaward mgration. The locations are as follows: 1 =
Snake River upper reach; 2 = Snake River |ower reach; 3 =
Lower Granite Reservoir; 4 = Lower Ganite Dam 5 = Littl
CGoose Dam 6 = Lower Monunental Dam 7 = McNary Dam 8 =
Day Dam and 9 = Bonneville Dam
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forecast of passage at Lower Granite Dam (Figure 1) for wld
fall chinook salnmon PIT tagged in the Snake River.

| provided the TMI with a post-season briefing in late
Cct ober, 2001 that included: 1) a conparison of the observed and
forecasted passage of wild PIT-tagged subyearling chinook sal non
at Lower Granite Damin 2001; and 2) survival estimates to the
tailrace of Lower Ganite Damfor wild fall chinook sal non that
were PIT-tagged and rel eased upstream of Lower Granite Reservoir
in the Snake River.

In this chapter, | sunmmarize in-season and post-season data
and analyses as follows. Early life history timng and growh
in 2001 is described and conpared to other years. Passage
forecast performance in 1999, 2000, and 2001 is assessed. The
factors affecting survival for the years 19982001 are
i dentified.

Met hods

Data col | ecti on. —Fhe Snake River can be divided into two reaches
based on differences in water tenperature (chapter four in this
report). The upper reach extends fromthe Sal non R ver
confluence to Hells Canyon Dam and the | ower reach extends from
t he upper end of Lower Granite Reservoir to the Sal non River
confluence (Figure 1). Juvenile fall chinook sal nron were
captured in these two reaches by using a beach seine (Connor et
al. 1998). Sanpling began in the upstreamreach in 1995, and in
the lower reach in 1992. Beach seining typically started in
April soon after fry began energing fromthe gravel, and was
conduct ed weekly at pernmanent stations within each reach. From
1992 to 1999, additional non-permanent stations were sanpled for
t hree consecutive weeks once a majority of fish were at |east 60
mm fork length. Only permanent stations were sanpled in 2000 and
2001. W discontinued all sanpling in June or July when the
majority of fish had noved into Lower G anite Reservoir or to

poi nts further downstream

Field personnel inserted PIT tags into parr 60 mm fork
I ength and | onger (Connor et al. 1998). Tagged parr were
rel eased at the collection site after a 15-min recovery period.
Sonme of the PIT-tagged fish were detected as snolts as they
passed downstreamin the juvenile bypass systens of danms equi pped
with PIT-tag nonitors (Matthews et al. 1977; Prentice et al.
1990a; Figure 1). Operation schedules for the fish bypass systens
varied by dam and year. Mst of the detections were in the fish
bypass systens of Lower Granite, Little Goose, and Lower
Monument al dans operated fromearly April to early Novenber, and
at McNary Dam (Figure 1) operated fromearly April to early
Decenber.



Starting in 1999, non-fin clipped hatchery subyearling fal
chi nook sal non were rel eased into the Snake Ri ver by personnel
of the Nez Perce Tribe to supplenent wild production. M field
staff subjectively identified these fish in the beach seine
catch based on body norphol ogy. Hatchery fish were nore sl ender
and appeared to have | arger eyes than wild fish. Fish judged to
be of hatchery-origin were released back to the river and were
not included in ny anal yses.

Accuracy of origin classification.—+ used two nethods to assess
how wel | field personnel identified fish origin (i.e., hatchery
versus wild). In 2000, known hatchery fish that had been coded-
wire tagged prior to release in the Snake River (no wild fish
were coded-wire tagged) were used as a baseline. The origin of
every fish captured was judged, and then the fish was passed
through a coded-wire tag detector. | calculated classification
accuracy as the nunber of fish judged to be hatchery fish,

di vi ded by the nunber of coded-wire tagged fish collected,

mul tiplied by 100.

In 2001, classification accuracy was based on fish captured
during beach seining that had wounds or scars resulting from
previous PIT tagging (hereafter, recaptured fish). Every fish
was exam ned for wounds and scars after renoving it fromthe
seine. The origin of each recaptured PIT-tagged fish was
j udged, and then the fish was scanned for its unique tag code.
| traced the origin of each recaptured fish based on this unique
tag code. | calculated both within-origin (hatchery and w | d,
separately) and across-origin (hatchery and wi|ld, conbi ned)
classification accuracy. Wthin-origin classification accuracy
was the nunber of correct classifications divided by the nunber
of recaptured hatchery or wild fish. Across-origin
classification accuracy was cal cul ated as the wei ghted average
of the within-run classification accuracy esti nates.

Early life history and growth. + used the capture dates of wld
fall chinook salnmon smaller than 45-mmfork | ength to descri be
time of presence for newy energent fry (hereafter energence
timng). | used the capture dates for fish 45-mmfork |ength
and | onger to describe tinme of presence for fall chinook sal non
parr (hereafter, rearing timng). Al capture dates were
adjusted to Sunday’s date the week of sanmpling to account for
differences in day of sanpling between the upper and | ower
reaches of the Snake River. For exanple, a capture date of 2
May, 1993 (Sunday) was reported for fry and parr collected from
4 May to 6 May (Tuesday to Thursday).



Absol ute growh rate (mid) during shoreline rearing was
cal cul ated using length data from Pl T-tagged parr recaptured by
beach seine after initial capture and tagging. Absolute growth
rate was cal cul ated as: fork length at recapture m nus fork
length at initial capture divided by the nunber of days between
initial capture and recapture.

| used the PIT-tag detection data at Lower Granite Damto
represent the onset of seaward m gration by subyearling snolts.

Passage forecasting. —+ applied a passage forecasting nethod
(Connor et al. 2000) to in-season data collected in 1999, 2000
and 2001. This nethod uses a nodel to predict which PIT-tagged
fish will survive to pass Lower Granite Dam and a second node
to predict when these survivors will pass the dam The forecast
isin the formof a cunulative passage distribution plus and

m nus a 90% forecast interval

| assessed the 1999, 2000, and 2001 passage forecasts two

ways. First, | determned the difference in days between
forecasted and observed dates when 50, 70, 80, and 90% passage
was conplete. Second, | determ ned how many days the forecast

and its 90% intervals did not contain observed passage.
Forecast perfornmance was considered to be poor when observed was
not contai ned by these intervals.

Survival.—Fhe first step in the analysis was to divide the annual
sanpl es of PIT-tagged fall chinook salnon into four sequenti al

wi t hi n-year rel ease groups referred to as “cohorts.” | divided
t he annual sanples into cohorts based on estinmated fry emergence
dates. | estimated fry energence date for each fish in two

steps. First, the nunber of days since each PIT-tagged fish
energed fromthe gravel was cal cul ated by subtracting 36 mm from
its fork length neasured at initial capture, and then dividing by
the daily growth rate observed for recaptured PIT-tagged fish

wi thin each reach. The 36-nmmfork length for newy energent fry
was the nmean of the observed mninmumfork |engths. Second,
energence date was estimated for each fish by subtracting the
esti mated nunber of days since energence fromits date of initial
capture, tagging, and release. | sorted the data in ascendi ng
order by estimated fry emergence date, and then divided it into
four cohorts of approximately equal nunbers of fish.

The single rel ease-recapture nodel (Cormack 1964; Skal ski et
al. 1998) was used to estimate survival probability to the
tailrace of Lower Ganite Damfor each cohort. | insured that
the single rel ease-recapture nodel fit the data by using three
assunption tests described by Burnhamet al. (1987) and Skal sk
et al. (1998). | refer the reader to Chapter Six in this report



for a detailed description of the statistical nethods used to
describe the factors affecting survival.

Results
Accuracy of Oigin Cassification

In 2000, 57 of the fall chinook sal non captured during
beach seining were coded-wire tagged. O these 55 were judged
to be of hatchery origin, which equates to a within-origin
classification accuracy of 96.5% (Table 1). 1In 2001, we
recaptured 218 previously PIT-tagged fish. Wthin-origin
classification accuracy was 92. 7% for hatchery fall chinook
sal non and 99.4% for wld fall chinook sal non, which equates to
an across-origin classification accuracy of 97.7% (Table 1).

Table 1. -Wthin- and across-origin classification accuracies
(%9. dassification of origin (hatchery vs. wild) was based on a
subj ective assessnent of body norphol ogy, and then verified based
on coded-wire (year 2000) or PIT tags (year 2001).

Nunber cl assified Cl assification
into each origin accuracy
Act ual
origin n Hat chery Wil d Wt hin Acr oss
Year 2000
Hat chery 57 55 2 96.5 N A
Year 2001
Hat chery 55 52 4 92.7 98.2
wWid 163 1 162 97.7

Early Life History and Gowh

In 2001, a total of 7,004 wild fall chinook sal non was
captured by beach seine (including marked fish captured nore
than once). O these, 2,624 were fry. Fry energence during
2001 occurred earlier in the upper reach than in the | ower reach
of the Snake River based on tinme of fry presence (Table 2). Fry
energence in 2001 in the upper reach was simlar to other years
(2001 nedian 22 April; 19952000 grand nean 22 April). Fry
energence in the lower reach was a little later than during



ot her years (2001 nmedian 6 May; 19922000 grand nean 2 May).

A total of 4,380 of the wild fall chinook sal non captured
in 2001 were parr. Shoreline rearing by parr during 2001
occurred earlier in the upper reach than in the | ower reach of
the Snake River (Table 3). Rearing timng in the upper reach of
the Snake River in 2001 was earlier than during other years
(2001 nedian 29 April; 19952000 grand nean 17 May). Rearing
timng in the | ower reach of the Snake River was al so earlier
than during other years (2001 nedian 20 May; 1992-2000 grand
mean 30 May).

A total of 1,392 of the wild fall chinook sal non parr was
PIT tagged in 2001. O these, 137 were recaptured during beach
seining. Mean growh rate was higher for parr in the upper
reach than in the | ower reach of the Snake River (Table 4).
Mean growh rate for parr in the upper reach was slightly | ower
t han during other years (2001 nean 1.1 m d; 19952000 grand
mean 1.2 nmd). Mean growth rate of parr in the |ower reach was
the same as during other years (2001 nean 0.9 mmi d; 1992-—2000
grand nean 0.9 mid).

A total of 13 of the 229 parr PIT tagged in the upper reach
of the Snake Ri ver was detected as snolts as they passed Lower
Granite Dam Passage of snolts fromthe upper reach was | ater
than normal (2001 nmedian 15 July; 19952000 grand nean 5 July).
O the 1,163 parr PIT tagged in the |ower reach, a total of 185
were detected as snmolts as they passed Lower Granite Dam The
medi an date of passage for fish fromthe | ower reach was earlier
than normal (2001 nmedian 7 July; 1992-2000 grand mean 15 July).
For the first time on record, fish tagged in the |ower reach
passed Lower Granite Damearlier than fish tagged in the upper
reach (Table 5).

10



Tabl e 2. —Energence timng (given as Sunday’s date for each
week) of wild fall chinook salnmon fry in the upper and | ower
reaches of the Snake River, 1992 to 2001. The range of dates is
gi ven in parentheses.

Year N Medi an dates of presence

Snake Ri ver upper reach

1995 117 23 Apr (02 Apr to 21 May)
1996 14 28 Apr (14 Apr to 05 May)
1997 1 20 Apr (N A

1998 101 19 Apr (12 Apr to 10 May)
1999 97 02 May (04 Apr to 23 May)
2000 683 09 Apr (02 Apr to 14 May)
2001 1, 356 22 Apr (01 Apr to 20 May)

Snake Ri ver | ower reach

1992 355 26 Apr (29 Mar to 24 My)
1993 199 16 May (04 Apr to 20 Jun)
1994 440 15 May (03 Apr to 05 Jun)
1995 257 30 Apr (02 Apr to 04 Jun)
1996 268 05 May (14 Apr to 23 Jun)
1997 114 04 May (20 Apr to 29 Jun)
1998 322 26 Apr (12 Apr to 14 Jun)
1999 278 02 May (04 Apr to 27 Jun)
2000 415 09 Apr (02 Apr to 04 Jun)

2001 1, 268 06 May (01 Apr to 03 Jun)

11



Table 3. —Rearing timng (given as Sunday’s date for each week)
of wild fall chinook salmon parr in the upper and | ower reaches
of the Snake R ver, 1992 to 2001. The range of dates is given
i n parent heses.

Year N Medi an dates of presence

Snake Ri ver upper reach

1995 985 28 May (09 Apr to 18 Jun)
1996 118 12 May (14 Apr to 16 Jun)
1997 119 25 May (20 Apr to 15 Jun)
1998 1,078 17 May (12 Apr to 05 Jul)
1999 1,493 23 May (11 Apr to 27 Jun)
2000 1, 064 23 Apr (02 Apr to 11 Jun)
2001 1, 303 29 Apr (01 Apr to 10 Jun)

Snake Ri ver | ower reach

1992 1,765 17 May (29 Mar to 07 Jun)
1993 2,215 06 Jun (11 Apr to 18 Jul)
1994 4, 346 29 May (03 Apr to 10 Jul)
1995 1, 408 04 Jun (02 Apr to 02 Jul)
1996 756 26 May (14 Apr to 14 Jul)
1997 938 08 Jun (20 Apr to 13 Jul)
1998 2,512 31 May (12 Apr to 05 Jul)
1999 1, 647 06 Jun (04 Apr to 11 Jul)
2000 1,578 14 May (02 Apr to 25 Jun)

2001 3,078 20 May (01 Apr to 17 Jun)

12



Table 4. Mean growth rates (mif d+SD) for wild fall chinook
sal non parr collected in the upper and | ower reaches of the
Snake River, 1992 to 2001. Sanple sizes are given in parentheses

Gowh rate by reach

Year Upper reach Lower reach

1992 0.9+0.1 ( 66)
1993 0.7+0.4 (202)
1994 1.1+0.4 (341)
1995 1.2+0.3 (148) 1.0+0.4 ( 78)
1996 1.1+40.3 ( 19) 0.9+0.4 ( 49)
1997 1.3+0.3 ( 20) 0.8+0.3 ( 80)
1998 1.1+40.3 (112) 0.9+0.3 (129)
1999 1.3+40.3 (171) 1.1+40.3 ( 92)
2000 1.3+0.2 ( 90) 1.0+0.3 ( 40)
2001 1.1+40.1 ( 15) 0.9+40.2 (122)

13



Table 5. —Snolt mgration timng at Lower Ganite Damfor wld
fall chinook salnmon that were initially captured, PIT tagged,
and rel eased in the upper and | ower reaches of the Snake R ver,
1992—2001. The range of dates is given in parentheses.

Year N Medi an dates of detection

Snake Ri ver upper reach

1995 203 18 Jul (04 Jun to 24 Cct)
1996 19 04 Jul (20 May to 25 Jul)
1997 22 27 Jun (04 Jun to 13 Aug)
1998 173 07 Jul (19 May to 21 Aug)
1999 319 03 Jul (02 Jun to 28 Aug)
2000 72 27 Jun (06 May to 18 Jul)
2001 13 15 Jul (24 Jun to 29 Cct)

Snake Ri ver | ower reach

1992 39 20 Jun (04 May to 21 Jul)
1993 234 21 Jul (31 May to 25 Cct)
1994 193 17 Jul (23 May to 01 Nov)
1995 238 01 Aug (02 Jun to 26 Cct)
1996 126 22 Jul (17 May to 31 Cct)
1997 97 16 Jul (14 Jun to 13 Cct)
1998 380 11 Jul (29 May to 19 Cct)
1999 241 25 Jul (01 Jun to 30 Aug)
2000 257 02 Jul (18 May to 28 Cct)

2001 185 07 Jul (16 May to 26 Oct)

14



Passage Forecasts

Passage at Lower Granite Damin 1999 by wild fall chinook
salnon snolts fromthe Snake River was forecasted to be 50%
conplete by 8 July, 70% conplete by 14 July, 80% conplete by 25
July, and 90% conpl ete by 11 August (Figure 2). The 1999
forecast predicted 50% passage at Lower Granite Dam ei ght days
earlier than was observed, 70% passage two days earlier than was
observed, 80% passage five days earlier than was observed, and
90% passage four days |ater than was observed. The 1999
forecast predicted passage poorly from 11l July to 20 July
(Figure 2). Wen viewed across the entire period of passage as
desi gned, the 90% forecast intervals contained observed passage
94% of the tinme.

Passage at Lower Granite Damin 2000 by wild fall chinook
sal non snolts fromthe Snake River was forecasted to be 50%
conplete by 8 July, 70% conplete by 11 July, 80% conplete by 14
July, and 90% conplete by 19 July (Figure 2). The 2000 forecast
predi cted 50% passage at Lower Granite Dam 7 days | ater than was
observed, 70% passage 1 day |ater than was observed, 80% passage
3 days earlier than was observed, and 90% passage 18 days
earlier than was observed. The 2000 forecast predicted passage
poorly from11-July to 7-July (Figure 2). Wen viewed across the
entire period of passage as designed, the 90% forecast intervals
cont ai ned observed passage 96% of the tine.

Passage at Lower Granite Damin 2001 by wild fall chinook
salnon snolts fromthe Snake River was forecasted to be 50%
conplete by 8 July, 70% conplete by 11 July, 80% conplete by 11
July, and 90% conpl ete by 14 August (Figure 2). The 2001
forecast predicted 50% passage at Lower Granite Dam 10 days
| ater than was observed, 70% passage 14 days |l ater than was
observed, 80% passage 19 days | ater than was observed, and 90%
passage on about the day it was observed. The 2001 forecast
predi cted passage poorly from3-July to 23-July (Figure 2).
When vi ewed across the entire period of passage as designed, the
90% forecast intervals contained observed passage 88% of the
tinme.

15
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Sur vi val

Mean survival to the tailrace of Lower Granite Damfor the
four cohorts in 2001 was only 20.5% which is the | owest
observed for the 1998-2001 time period (Table 6). Survival for
cohort 1 (the earliest mgrating fish with the highest survival)
was a total of 23.8 percentage points bel ow the 1998-2001
average for cohort 1. Survival for cohorts 2 was 33.8 and 31.7
percent age points bel ow the 1998-2001 averages for these two
cohorts (Table 6). Survival for cohort 4 (the |atest mgrating
fish with the | owest survival) was 23.9 percentage points | ower
than the 1998-2001 average for this cohort.

The val ues for the predictor variables assessed as factors
affecting survival are given in Table 7. Fork length and flow (N
= 16; r = 0.64; P = 0.008) and fork length and tenperature (N =

16; r = -0.64; P = 0.008) were collinear. Therefore, fork length
was not entered with flow and tenperature into the same multiple
regression nodel. Fork length and release date (N = 16; r =
0.50; P =0.05), release date and flow (N =16; r = -0.04; P =
0.88), release date and tenperature (N=16; r = 0.33; P =0.21),
and flow and tenperature (N = 16; r 0.59; P = 0.02) were non-

collinear based on the criterion of r = 0.6.

The sl ope coefficient for the variable rel ease date never
differed significantly (al pha = 0.05) from zero when entered
into nodels including fork length, flow, and tenperature. The
nodel that predicted cohort survival fromflow and tenperature
had a Mallow s Cp score one |less than the nunber of paraneters,
the | owest Al C value, and an R’ of 0.896 (Table 8). The next
best nodels were bivariate and included the variable flow (P = <
0.0001), or tenperature (P = 0.0008), or fl (P = 0.0008)(Table
8) .

The final (i.e., the best) multiple regression nodel was:
Cohort survival = 146.94900 + 0.02885 X Flow - 7.4998 X
Tenperature. The final nodel was significant (N = 16; P <
0.0001) as were the coefficients for flow (t = 6.43; P < 0.0001)
and tenperature (t = - 2.95; P =0.011). Flow and tenperature
expl ai ned 89. 6% of the observed variability in cohort survival to
the tailrace of Lower Ganite Dam Cohort survival generally
i ncreased as flow increased, and decreased as water tenperature
i ncreased.
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Table 6. —FEstimates of survival probability (%SE) to the
tailrace of Lower Granite Dam for cohorts of wild subyearling
fall chinook sal non, 1998 to 2001.

Survival by year

Cohor t
Cohor t 1998 1999 2000 2001 nmeans
1 70.8+2.9 87.7+4.6 57.1+4.1  40.1+3.1 63. 9
2 66.1+3.3 77.0+3.8 53.4+4.2  20.5+2.5 54. 3
3 52.8+3.1 81.2+5.8 44.4+3.6  17.2+3.0 48. 9
4 35.6+2.9 36.4+3.5 35.7+4.3 4.0+1.3 27.9

Annual
means 56. 3 70. 6 47.7 20.5
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Tabl e 7. —FPredictor variables assessed as factors affecting
survival to the tailrace of Lower G anite Dam for each cohort of
w | d subyearling fall chinook sal non, 1998-2001. Abbreviations:
Date = nedi an day of year of release; FI = nmean fork length (nmm
at release; Flow = a flow (m/s) exposure index cal cul ated as the
mean fl ow nmeasured at Lower Granite Dam during the period when
the majority of snolts passed the dam and, Degrees = a water
tenperature (°C) exposure index cal cul ated as the nean
tenperature neasured in the tailrace of Lower G anite Dam during
the period when the majority of snolts passed the dam See
Chapter Six nmethods for exposure index cal cul ations.

Cohor t N Dat e Fl Fl ow Degr ees

Year 1998

1 515 140 80 2, 344 17.6

2 515 141 75 2,021 18. 7

3 515 153 73 1, 898 19.0

4 515 167 70 1, 299 19. 8
Year 1999

1 441 147 80 2,378 16. 3

2 440 153 77 1, 963 17.1

3 440 152 70 2,116 16. 7

4 440 167 68 1, 353 18. 3
Year 2000

1 303 130 77 1, 510 16. 7

2 302 144 77 1, 296 17.6

3 302 146 77 1,274 17. 8

4 302 158 71 859 18.5
Year 2001

1 348 135 74 754 18.5

2 348 142 69 743 18. 9

3 348 143 68 753 19. 2

4 348 155 66 746 18. 8
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Table 8. —Mallow s Cp scores, Akaikes information criteria
(AIC), and coefficients of determ nation (R®)used to conpare the
fit of multiple regression nodels describing the survival of
cohorts of wild subyearling fall chinook salnmon fromrel ease in
the Snake River to the tailrace of Lower Ganite Dam 1998 to
2001. Abbreviations: Date = medi an day of year of release; Fl =
mean fork length (nm) at release; Flow = a flow (ni/s) exposure
i ndex cal cul ated as the nmean fl ow neasured at Lower G anite Dam
during the period when the ngjority of snolts passed the dam
and, Degrees = a water tenperature (°C) exposure index cal cul ated
as the nmean tenperature neasured in the tailrace of Lower Ganite
Dam during the period when the majority of snolts passed the dam

C(p) Al C R Vari abl es in nodel
2.3 70. 4 0. 896 FI ow Degr ees

8.6 76.7 0. 827 FI ow

39.5 91.3 0. 566 Degr ees

2.6 91. 4 0.563 FI
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Di scussi on
Life History, Gowh, Passage Forecasts, and Surviva

Fal | chinook salnmon fry emergence in the upper and | ower
reaches of the Snake River occurred over the “typical” tinme
period in 2001. Enmergence is expected to be earlier in the
upper reach than in the | ower reach because w nter-spring
tenperatures are warner in the upper reach (see Chapter Four in
this report). Shoreline rearing also occurred earlier in the
upper reach than in the | ower reach, and rearing in both reaches
was earlier than normal. Passage of snolts at Lower Granite Dam
was | ater than normal for fish tagged in the upper reach,
wher eas passage was earlier than normal for fish tagged in the
| oner reach. Consequently, for the first time on record fish
tagged in the | ower reach passed Lower Granite Dam before fish
tagged in the upper reach. The operation of Hells Canyon
Compl ex of dams during spring 2001 offers one plausible
explanation for this discrepancy. Dranmatic changes in stream
di scharge resulting from hydropower operations displaced many
young fall chinook sal non fromthe upper reach before they were
| arge enough to tag, thus the rearing period was truncat ed.
These fish were then tagged as they reared along the shoreline
of the | ower reach, which resulted in what appeared to be early
reari ng and seaward migration by fish of |ower reach-origin.

Parr in the upper reach grew faster than those in the | ower
reach. This is expected because the upper reach is warner
during the period young fall chinook sal non are rearing al ong
the shoreline. Parr grewrapidly in both reaches. Managenent
activities wwth the potential to decrease growh rates bel ow
1995- 2000 | evel s should be nonitored. Releasing |arge nunbers
of hatchery fall chinook salnmon into the Snake River to
suppl ement wi |l d production m ght eventually reduce growth
through intra-specific conmpetition. Gowh rate could be used
to index the effects of the supplenentation on the well-being of
wild fall chinook salnmon in the Snake River. For a nore
detail ed anal ysis and di scussion of growh, | refer the reader
to Chapter Seven in this report.

| found that passage forecast performance varied anong
years. The forecasts in 1999 and 2000 perforned rel atively well
except during relatively short tinme periods in the mddle of the
run. To the contrary, forecast performance was poor in 2001
because the forecasting nmethod was not devel oped for such | ow
flow conditions (see Connor et al. 2000). Two patterns can be
seen in the 1999-2001 forecasts. First, the forecast predicted
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earlier passage than was observed in 1999 when environnental
conditions for survival were favorable. Second, the forecast
predi cted | ater passage than was observed in 2000 and 2001 when
envi ronmental conditions were unfavorable for survival. Mre
accurate forecasts mght be possible if separate survival and
passage nodels were fit for application in |ow and high flow
years.

Survival of fall chinook salnmon snolts in 2001 was | ow.
Fal | chi nook sal nmon survival was also |low during the |ow fl ow
years of 1992 and 1994. The average fl ow between 21 June and 31
August in 1992 was only 539 ni/s and the maxi mum sunmer
temperature was 23.9°C, whereas in 1994 flow average 744 ni/s and
maxi mum summer tenperature was 19.9°C (Connor et al. 1998).

Technical and logistical Iimtations prevented nme fromusing the
single rel ease-recapture nodel to estinmate survival during 1992
and 1994. In the sinplest sense, the single rel ease-recapture

nodel cal cul ates survival by dividing detection rate by fish

gui dance efficiency. Detection rates for PIT-tagged wild fal
chinook salnon at Lower Granite Damin 1992 and 1994 were 5. 1%
and 8.4% respectively. These detection rates equate to
survivals of 16% and 25% assum ng a fish gui dance efficiency of
33% Relatively low survival of fall chinook sal non during | ow
flow years and the relatively high survival in average to high
flow years (e.g., 71%in 1999) strengthens the argunent for a
fl owtenperature-survival relation

The regression results in this chapter, and in Chapter Six
in this report, suggest that survival of fall chinook sal non
snolts to the tailrace of Lower Granite Damis directly rel ated
to flow and inversely related to tenperature. | was able to
enter flow and tenperature into the sane 1998- 2001 regression
nodel because the collinearity between the two vari abl es was
relatively weak. Entering both variables in the sane nodel
m ght not be feasible in future years because fl ow and
tenperature are typically correlated. The regressi on node
suggests that many snolts did not survive to pass Lower G anite
Dam in 2001 because flow in Lower G anite Reservoir was
critically low, thus snolts spent extended periods of tine in
relatively warmwater. | refer the reader to Chapters Five and
Six inthis report for an in-depth discussion of flow and
tenperature conditions provided by sumrer flow augnentation that
m ght work together to affect downstream m gration rate and
survival of young fall chinook salnon in Lower Ganite
Reservoir.
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The Future Direction of Project 199102900

Summer flow augnmentation will continue to be inplenented in
2002 based on results of past studies and reviews (e.g., |SAB
2001). In-season planning and post-season nonitoring and

eval uation should continue. Fishery nanagers need nore
information on: (1) the effect of sumrer flow augnentation on
velocity and tenperature in Lower Granite Reservoir; (2) the
roles velocity and tenperature play on mgratory behavior of
juvenile fall chinook salnmon in Lower G anite Reservoir; and (3)
where and when juvenile fall chinook sal non die during
freshwater rearing and early seaward m gration

Begi nning in 2002, the objectives of project 199102900 wi ||
be to: (1) provide information to fishery managers to maxim ze
the effectiveness of sunmer flow augnmentation; and (2) provide a
better understandi ng of how summer fl ow augnentation affects
wat er tenperature, water velocity, juvenile fall chinook sal non
m gratory behavior, and juvenile fall chinook survival salnon in
Lower Granite Reservoir. By acconplishing these two objectives,
personnel of project 199102900 will continue to help fishery
managers recover fall chinook salnon in the Snake Ri ver basin.
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| nt roducti on

The naturally spawni ng stock of fall chinook sal non
(Oncor hnychus tshawytscha) in the Hanford Reach may be the
furthest inland healthy fall chinook sal non popul ation that
exists in the Colunbia River Basin (Huntington et al. 1996).
The Hanford Reach is the last renaining uni npounded stretch of
t he Col unbia River above Bonneville Damin the United States.
Al t hough upstream dans control flows in Hanford Reach, the river
shorelines are relatively undevel oped. Juvenile fall chinook
sal non naturally spawned in the Hanford Reach rear in areas near
t he shoreline (Becker 1973), and within a few nonths mgrate
seaward through the riverine reach and a series of four dans and
their reservoirs before reaching the estuary.

The success of fall chinook salnon in the Hanford Reach
conpared to the ESA-listed stock of naturally spawning fal
chi nook salnmon in the Snake River is not fully understood. The
fewer nunber of danms and reservoirs that nust be passed by
downstream m grating juveniles and by upstream m grating adults
is one possible reason. In addition, the Colunbia River
typically has higher flows and | ower water tenperature than does
t he Snake River, which may contribute to increased survival of
t he Hanford Reach stock. Because rearing habitats are somewhat
simlar in both rivers and both fall chinook sal non popul ations
have the sane |life history, understanding the survival of
Hanford Reach fall chinook sal nron may provi de an under st andi ng
of what limts the Snake Ri ver popul ation.

Survival estimation for mgratory fish requires at | east
two downstream detection sites. Because of the PIT-tag
interrogation infrastructure in the Snake River, surviva
esti mates have been cal cul ated for both hatchery and natural
subyearlings fromthe Hells Canyon since the early 1990s (Connor
et al. 1998; Miir et al. 1998; Smth et al. 2002; Connor et al.
Chapter One this report). PIT-tag interrogation systens are
operated at McNary, John Day, and Bonneville dans, which make it
possible to estimate survival of juvenile Hanford Reach fal
chi nook sal non to bel ow John Day Dam

A study conducted by the National Marine Fisheries Service
has estimated survival of mgratory juvenile fall chinook sal non
bel ow McNary Dam (Smith et al. 2002). In this study, we
estimated the reach specific survival for subyearlings rel eased
in the Hanford Reach and McNary Reservoir. Information from our
study conbined with information derived from other surviva

27



studi es may increase managers’ understanding as to why the

Hanf ord popul ati on has remained a viable stock in spite of the
nodi fi ed environnent encountered during migration to the estuary
and how it may be further enhanced. Qur study objectives were
to: 1) estimate the survival of subyearling fall chinook sal non
rel eased in the Hanford Reach and McNary Reservoir to MNary
Dam and 2) determne if seasonal differences in survival exist.

Study Area

The Hanford Reach is the only renmai ning uni npounded secti on
of the Colunbia River in the United States above Bonneville Dam
Fl ows are regulated on an hourly basis by Priest Rapids Dam and
by ot her main-stem dans upriver. The Hanford Reach extends from
Priest Rapids Damtailrace, river kilometer (rkm 639.1, to the
head of McNary Reservoir (Lake Wallula) at approximately rkm 568
at maxi mum pool elevation (Figure 1). MNary Reservoir was
created by inpoundnment of the Col unbia River behind McNary Dam
(rkm470.7). MNary Damis the first of the four |ower Col unbia
Ri ver danms subyearlings nust pass on their seaward m grati on.
John Day Dam (rkm 348.6) and Bonneville Dam (rkm 234.5) al so
have juvenil e bypass systens with PIT-tag interrogati on systens.
The Dalles Dam (rkm 308.9) is the only dam downstream fromthe
rel ease | ocations w thout detection capability. River
kil ometers are nmeasured fromthe nouth of the Colunbia River

Met hods
General Approach

To estimate the survival of subyearling fall chinook sal non
m grating through the Hanford Reach and McNary Reservoir, five
rel eases were nmade at two different tines (an early period and a
| ate period) in both the upper end of the Hanford Reach and in
t he upper end of McNary Reservoir in 2001. Statistical nodels
were used to calculate the survival fromthe release site to
McNary Dam for each rel ease. The five rel eases common in space
and tinme are referred to as groups. Information on flow, spill,
and water tenperature at Colunbia River danms were downl oaded
fromthe Colunbia R ver Data Access in Real Tine database
(www. cbr. washi ngt on. edu) .
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Figure 1.-Map of the Colunbia R ver and the dans downstream of
the rel ease | ocations of PIT-tagged subyearling fall chinook
sal non in 2001.
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Fi sh Col |l ection

Al'l subyearlings were collected in the Hanford Reach or at
the head of McNary Reservoir. Subyearlings were collected
bet ween rkm 541 and 558 for both the riverine and the reservoir
rel eases and tagged near Richland, Washi ngton. Subyearling fal
chi nook sal non were coll ected using beach seines in shoreline
areas. W limted the nunber of fish we collected in each seine
haul to reduce crowding stress. Fish were transferred to
hol di ng contai ners where they were sorted and subyearli ngs
approximately 62 mm or larger, were kept for tagging. Fish
were not anesthetized or nmeasured during collection and sorting.
Fish were held overnight in net pens to allow their gut contents
to evacuate and recover from handling stress prior to tagging.

Taggi ng and Rel ease

Taggi ng procedures followed those outlined by the Col unbi a
Basin Fish and Wldlife Authority PIT Tag Steering Conmmttee
(1999) based on nethods and equi pnent outlined by Prentice et
al. (1990). Subyearlings held overnight in net pens were
transferred to hol ding containers receiving a continuous flow of
fresh river water the followi ng day. Tenperature was
continuously nonitored at all input and output |ocations to
ensure that subyearlings did not experience tenperature
fluctuations exceeding that of the normal main-stemriver.

Aer ation was provided where flowthrough was not possible, such
as in the anesthesia. Subyearlings were anethesized ten at a
time with Tricaine Methansul fonate (Ms-222), injected with a

PI T-tag, using a 12-gauge hypoderm c syringe, and fork |ength
recorded. Prior to tagging, the fish were inspected for adipose
clips and previous PlIT-tagging scars. Fish with clips were
rejected and scarred fish were scanned for possible tag codes
and rejected. Each day, the first 50 subyearlings were wei ghed
and neasured (fork length), and the remaining fish tagged that
day were nmeasured only. Tagged fish were held in a dark
container until they recovered, nortalities and shed tags were
removed, and tagged fish were transferred to an overni ght
hol di ng net pen for release the following day. Tags fromfish
that did not show signs of recovery were renoved fromthe sanple
and reused after being renoved fromthe database. Subyearlings
were held until the follow ng norning to determ ne post-taggi ng
nortality.

Approxi mately 1,000 fish were tagged each day in two 5-d

taggi ng sessions (June 7-12 and June 27-July 1). Fish tagged
each day were divided into two groups for subsequent paired
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rel ease in the Hanford Reach and McNary Reservoir. This
resulted in rel easing about 2,500 fish over 5 d in both the
Hanf ord Reach and McNary Reservoir in early and | ate June.

Fish were hauled by truck to release sites in the Hanford
Reach (Vernita Bridge at rkm 626) and to McNary Reservoir near
Ri chl and, Washington (rkm 543). Fish released in McNary
Reservoir were held and driven about in the truck for the sane
anmount of tinme as fish released further up river, approximtely
1.25 h. Fish were hauled in oxygenated water that was

mai nt ai ned to £0.5°C of anbient river tenperature. Fish were
generally rel eased in about 10 m nutes after arrival at the
rel ease site.

Survival Estimation

Taggi ng and detection information that we used to estimte
survi val was downl oaded fromthe PIT Tag Information System
(PTAAS). Tag files were reviewed and adj usted where necessary
to account for nortalities, renovals, tag | oss, recaptures,

i naccuracies, and inconsistencies. Fish that were recaptured in
beach seining activities prior to arrival at McNary Dam were
removed fromthe analysis to minimze bias associated with

addi tional handling. Fish recaptured by Washi ngton Depart nent
of Fish and Wldlife coded-wire tagging operations in the

Hanf ord Reach were al so renoved.

A detection history was constructed for each tagged fish.
Because fish nortalities with shed tags that occurred prior to
rel ease that could not be accounted for in the tag files, we
adj usted for tags shed during post-taggi ng hol di ng by renovi ng
an equal number of tag codes fromundetected fish prior to
survival estimation. W assuned our detection probability is
the probability that a fish mgrated as a subyearling and did
not include fish that nmay have mi grated as yearlings.

We exanmi ned the effect of fish size at rel ease on
subsequent detection at McNary Dam W used a Kol nogorov-
Smrnov test for honogeneity of discrete distributions for each
rel ease to determ ne whether a difference in the size
di stribution existed between detected and undetected fish and
the probability that they were drawn fromthe sanme distribution
If significant differences were found in four or nore rel eases
in a group, then we assuned these differences applied to the
group as a whol e.
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The single rel ease-recapture version of the Cornack/Jolly-
Seber survival nodel (Cornmack 1964; Jolly 1965; Seber 1965;
Burnham et al. 1987) was used to estinmate the proportion of each
rel ease group surviving to McNary Dam This anal ysis was
performed using the conputer program SURPH (Survival wth
Proportional Hazards) (Smith et al. 1994). Chi-square tests of
honogeneity and vi sual plots of passage distributions were used
to eval uate whether the groups had sim | ar passage tim ng.
Simlar passage timng is inportant if conditions within the
reaches are to be conpared. Additional assunptions and tests
are discussed in Burnhamet al. (1987).

Survival estimates were cal culated for individual rel ease
groups fromrelease to McNary Dam A wei ghted average and
standard error was conputed for each of the individual groups
(Burnhamet al. 1987). The wei ghted averages were conpared to
determne if the survival estimates and joint survival and
detection probabilities (A) differed by release location (e.g.,
Hanford and McNary) within a tine period (e.g., early June and
late June) and if they differed seasonally at the sane rel ease
| ocation. W made these conparisons using a two-tailed Z test
of equal survival, and assuned statistical significance at P <
0.10. W also calculated travel tinmes for each tagged fish from
Vernita Bridge (Hanford rel ease) to McNary Dam and from
Ri chl and, Washington (reservoir release) to McNary Dam W
defined travel tine as the nunber of days fromtine of rel ease
to the first detection in the McNary Dam bypass system

Resul ts

Subyearling fall chinook sal mon were tagged on two
occasions fromJune 1 to June 12 and fromJune 27 to July 1,
2001. Mean sizes of fish tagged ranged from 65 mm (SD=3.5 mm
inearly June to 72.3 mm (SD=4.0 mm) in |ate June. Post-tagging
nortality averaged 3.6% (SD=2.3% range=0.2-8.0%. The nunber
of fish released and the nunber nortalities fromtagging are
recorded in Table 1.

Subyearlings fromall rel ease groups were detected at
McNary Dam (Table 2). The percentage of fish detected ranged
from14.7 (late June release in McNary Reservoir) to 30.0 (first
early June release in the Hanford Reach). The nunbers and
per cent ages of fish detected at McNary Dam were | ower for the
| ate June releases in both the Hanford Reach and McNary
Reservoir than for the early June rel eases. W found
significant differences between the size distributions of fish
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Tabl e 1. —Nunber of Hanford Reach subyearling fall chinook
salnon PIT tagged and released 24 h |ater, tagging nortalities,
and release locations in 2001. Tagging nortalities include all
sources of nortality accunulated to 24 h post-taggi ng.

Rel ease Rel ease Nunber Taggi ng Per cent Nunber
dat e | ocation tagged nortalities nortalities released
06/ 07/ 01 Hanford 350 5 1.4 345
06/07/01 MNary 415 10 2.4 405
06/09/01 Hanford 525 2 0.4 523
06/09/01 McNary 520 1 0.2 519
06/10/01 Hanford 520 26 5.0 494
06/ 10/ 01 McNary 520 24 4.6 496
06/ 11/01 Hanford 493 12 2.4 481
06/11/01 McNary 503 8 1.6 495
06/ 12/01 Hanford 511 23 4.5 488
06/12/01 MNary 512 28 5.5 484
06/27/01 Hanford 536 16 3.0 520
06/ 27/ 01 MNary 554 22 4.0 532
06/ 28/ 01 Hanford 532 7 1.3 525
06/ 28/ 01 MNary 531 5 0.9 526
06/ 29/ 01 Hanford 561 41 7.3 520
06/29/01 MNary 556 39 7.0 517
06/ 30/ 01 Hanford 563 45 8.0 518
06/30/01 MNary 560 30 5.4 530
07/01/01 Hanford 533 16 3.0 517
07/01/01 MNary 535 19 3.6 516
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Tabl e 2. —Results of Kol nbgorov-Smrnov tests for differences
in the rel ease-size distributions between PIT-tagged subyearling
fall chinook sal non detected and not detected at McNary Dam
during 2001. The fork length (FL) wth standard devi ati on shown
i n parent heses, and the nunber of fish either detected or not
detected at McNary Dam are shown with percentages in
par ent heses. The maxi num di fference between the detected and
non-detected distributions is shown along with the probability
(P) of observing this difference if the fish were fromidentica
distributions. A P value < 0.05 is considered unlikely.

Mean FL Nurmber Nurmber not Maxi mum
Rel ease (mm det ect ed det ect ed difference P
Hanford Early
1 66.2 (3.9) 103 (30.0) 240 (70.0) 0. 2006 0. 0050
2 65.0 (3.5) 126 (24.1) 397 (75.9) 0.1188 0. 1250
3 65.0 (3.6) 120 (24.3) 374 (75.7) 0. 1351 0. 0661
4 65.8 (4.6) 125 (26. 2) 352 (73.8) 0. 1650 0. 0115
5 65.5 (4.3) 132 (27.0) 357 (73.0) 0.1262 0. 0856
McNary Early
1 66.2 (4.1) 99 (24.5) 305 (75.5) 0.1732 0. 0196
2 65.8 (4.0) 117 (22.5) 402 (77.5) 0.1821 0. 0042
3 65.4 (3.3) 104 (21.0) 392 (79.0) 0.1760 0. 0106
4 66.8 (4.1) 121 (24.6) 370 (75.4) 0. 1500 0. 0294
5 66.3 (4.6) 120 (24.8) 363 (75.2) 0. 2050 0. 0008
Hanford Late
6 67.8 (3.7) 118 (22.3) 412 (77.7) 0.1626 0. 0137
7 67.0 (4.2) 113 (21.5) 412 (78.5) 0.1336 0.0771
8 72.3 (4.0) 93 (17.8) 429 (82.2) 0. 0854 0. 6135
9 72.0 (4.8) 83 (16.0) 435 (84.0) 0.1278 0. 1908
10 71.8 (4.3) 94 (18.1) 424 (81.9) 0. 2707 0. 0000
McNary Late
6 68.3 (3.9) 93 (17.5) 437 (82.5) 0. 2376 0. 0003
7 67.2 (4.0) 77 (14.7) 448 (85.3) 0. 2031 0. 0074
8 70.7 (4.0) 82 (15.9) 434 (84.1) 0.1911 0. 0110
9 72.1 (4.5) 103 (19.5) 426 (80.5) 0.1747 0. 0109
10 72.0 (4.2) 116 (22.4) 402 (77.6) 0. 1850 0. 0036
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rel eased and subsequently detected at McNary Damin both the
early and | ate McNary Reservoir release groups. Al five

i ndi vidual releases within both of the groups had probabilities
<0.05. Both Hanford Reach rel ease groups generally had | ow
probabilities, suggesting a possible size effect, but too few
probabilities fromindividual release group were | ow enough to
suggest a size effect for the entire group.

Detection Probabilities and Survival Estimation

Survival estimates for subyearlings released in 2001 ranged
from0.49 to 0.26 (Table 3). Mean survival was highest for fish
rel eased in early June in the Hanford Reach (wei ghted nean=0. 41,
SE=0. 0198) and |l owest for the McNary Reservoir releases in |late
June (wei ghted nmean=0.32, SE=0.0180). Mean survival of fish
rel eased in the Hanford Reach was significantly higher than of
fish released in McNary Reservoir both early (Z=1.71, P=0.0864)
and late (Z=2.75, P=0.0062) in the year (Table 4). A
statistically significant seasonal effect within rel ease
| ocati on was not observed in 2001.

Det ection probabilities of individual release groups at
McNary Dam ranged from0.68 for the | ast McNary Reservoir
release in early June to 0.27 for the fourth release in the
Hanford Reach in late June (Table 3). The joint survival and
detection probabilities (A) of individual rel ease groups bel ow
McNary Damin 2001 ranged from0.31 to 0.18, and averaged 0. 29
for the early Hanford groups, 0.26 for the early MNary groups,
0.24 for both of the late Hanford and McNary groups (Table 3).
Because of the | ow nunber of detections at points downstream of
John Day Dam we were unable to test whether detection at McNary
Dam af f ect ed subsequent detection at John Day Dam

Arrival dates at McNary Dam of individual rel ease groups
wer e not honogenous for either the early or |ate Hanford
rel eases based on Pearson’s chi-square tests. However, the
i ndi vi dual groups released in McNary Reservoir did exhibit
honogeneous arrival dates within their respective tine periods
(e.g., early and late June). Wthin tinme periods, Hanford Reach
rel eases did not exhibit honbgeneous m xing with the McNary
Reservoir rel ease groups based on the chi-square tests.
However, visual inspection of plots of arrival dates at MNary
Dam showed that fish released during the sanme tine period but at
different locations arrived within a couple of days of each
other (Figures 2-3). The early and late releases had distinctly
different arrival distributions.
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Tabl e 3.-Summary of Hanford Reach subyearling fal

sal nbn surviva

rel ease in 2001

esti nat es,

detection probabilities,

chi nook

and j oi nt
survival and detection probabilities (A) calculated for each
Standard errors are shown i n parentheses.

wei ghted nean and the standard error are also reported for each
group of rel eases.

The

Det ecti on and

Sur vi val Det ecti on survival (%)
Rel ease probability to probability at bel ow McNary
group McNary Dam McNary Dam Dam

Hanford Early

1 0.4959 (0.0732) 0.4500 (0.0725) 0.2763 (0.0513)

2 0.3802 (0.0484) 0.4828 (0.0656) 0.2917 (0.0463)

3 0.4011 (0.0549) 0.4492 (0.0665) 0.2841 (0.0480)

4 0. 3845 (0.0453) 0.5570 (0.0679) 0.2929 (0.0457)

5 0.4311 (0.0531) 0.4706 (0.0628) 0.3053 (0.0472)

Wei ght ed nean 0. 4140 (0.0198) 0. 2912 (0.0047)
McNary Early

1 0. 3805 (0.0560) 0.5191 (0.0798) 0.2564 (0.0494)

2 0.3219 (0.0386) 0.5686 (0.0694) 0.3053 (0.0472)

3 0.4194 (0.0796) 0.3846 (0.0779) 0.1875 (0.0436)

4 0.4465 (0.0737) 0.4525 (0.0787) 0.1818 (0.0388)

5 0.3237 (0.0360) 0.6765 (0.0712) 0.2762 (0.0436)

Wei ght ed nean 0. 3607 (0.0240) 0. 2559 (0.0234)
Hanford Late

6 0.3827 (0.0559) 0.4573 (0.0711) 0.2500 (0.0462)

7 0.4210 (0.0706) 0.3394 (0.0628) 0.2602 (0.0514)

8 0.4337 (0.1024) 0.2926 (0.0740) 0.1692 (0.0465)

9 0.3514 (0.0772) 0.2747 (0.0669) 0.2500 (0.0625)

10 0. 3495 (0.0654) 0.3764 (0.0759) 0.2308 (0.0523)

Wi ght ed nean 0.3872 (0.0157) 0.2386 (0.0141)
McNary Late

6 0.3020 (0.0511) 0.4357 (0.0784) 0.2537 (0.0532)

7 0. 2595 (0.0530) 0.4615 (0.0978) 0.1905 (0.0495)

8 0.2940 (0.0563) 0.4079 (0.0830) 0.2333 (0.0546)

9 0. 3499 (0.0572) 0.3991 (0.0707) 0.2602 (0.0514)

10 0. 3583 (0.0499) 0.4976 (0.0728) 0.2584 (0.0463)

Wei ght ed nean 0. 3217 (0.0180) 0. 2449 (0.0115)
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Tabl e 4. —Paired conpari sons of 2001 survival of subyearling
fall chinook sal non rel ease groups using two-tailed Z-tests on
t he wei ghted nean and SE of the survival estimates. The
probability (P) that the two neans were drawn fromthe sane
normal distribution of neans is presented and significance is
assuned at P < 0. 10.

Wi ght ed

Rel ease Groups mean Wi ght ed SE z P
Early Hanford 0.4140 0.0198

Early MNary 0. 3607 0. 0240 1.7145  0.0864
Lat e Hanford 0. 3872 0. 0157

Late McNary 0.3217 0.0180 2.7457  0.0062
Early Hanford 0.4140 0.0198

Late Hanford 0. 3872 0. 0157 1.0603  0.2892
Early McNary 0. 3607 0. 0240

Late McNary 0.3217 0. 0180 1.3024  0.1928
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Travel time of subyearlings fromrelease sites to McNary
Dam decreased t hroughout the season. The nedian travel tinme of
subyearlings fromthe Hanford Reach to McNary Dam was 35.8 d
(range=32.6-38.7 d) for fish released in early June, and was
30.1 d (range=27.0-35.2 d) for fish released in late June (Table
5). The nmedian travel tinme of subyearlings fromthe head of
McNary Reservoir to McNary Damwas 34.9 d (range=31.1-35.1 d)
for fish released in early June, and was 27.9 d (range=26.0-29. 3
d) for fish released in late June (Table 5). Priest Rapids Dam
di scharge averaged 81 and 63 kcfs for the nedian tinme fish were
at large for the early and | ate rel eases, respectively (Figure
4). Fish released earlier in the season generally took | onger
to travel to McNary Damthan fish released later. It only took
about 1-3 d |onger for subyearlings to travel to McNary Dam from
t he Hanford Reach than fromthe head of McNary Reservoir in
spite of the greater distance that the Hanford Reach added.
PI T-tagged fish released in 2000 al so had sl ower travel tines
for Hanford-rel eased fish conpared to fish released in McNary
Reservoir, but fish generally traveled at simlar rates
regardl ess of when they were rel eased (Table 6, unpublished
data). Travel tinmes were slightly faster in 2000 conpared to
2001. In 2001, there were only weak negative correl ations
bet ween subyearling travel tines and tinme of rel ease
(range=0. 25-0.46; Figure 5).

Di scussi on

Qur tagging nortalities were higher than those reported in
ot her studies dealing with juvenile salnon. Qur nortality
averaged 3.6% conpared to 1% or less, reported for PIT tagging
both hatchery and wild fish in the Snake River (Miir et al.

1998; W Connor, personal conmunication). However, our
nortalities were not nmuch different than the direct nortality of
subyearlings fall chinook salnon PIT tagged by WOFWin the

Hanf ord Reach, which was 2.3%in 1995, 5.4%in 1996, and 4.3%in
1997 (Wagner 1996; Hillson et al. 1997 and 1998). Qur nortality
nunbers are the sumof nortalities fromall sources such as
handl i ng, tagging, and 24-h delayed nortality. Most fish PIT-
tagged in field operations are released within an hour or |ess
after tagging so nortality rates represent only those from
tagging. Qur higher nunber of nortalities nay have been due to
the condition of fish at time of tagging. Although we culled
out every fish with any suspected problens, sonme fish in the
popul ation did appear to have tail fungus and this may have
contributed to delayed nortality. However, visual inspection of
plots of the short-termtagging nortality of individual rel ease
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Table 5. -Travel time (d) statistics for the groups of PIT-
t agged subyearling fall chinook sal non rel eased in the Hanford
Reach and McNary Reservoir and detected at McNary Damin 2001.

Release
group Date N Min. 20% Med. 80% Max. Mean SD

Hanford Early

1 6/07/01 75 15.9 24.0 32.6 40.5 61.1 32.6 10.3

2 6/09/01 96 5.8 31.8 38.7 44.5 68.3 37.9 10.9

3 6/10/01 89 12.1 23.5 37.1 41.9 67.9 352 10.7

4 6/11/01 104 10.2 28.7 35.3 41.6 77.2 353 11.0

5 6/12/01 99 12.1 20.0 34.1 39.8 76.3 32.0 10.8

Combined 463 5.8 23.7 358 41.8 77.2 34.7 11.0
McNary Early

1 6/07/01 80 1.6 21.4 31.1 43.6 61.6 32.6 12.8

2 6/09/01 95 4.8 20.9 35.1 42.2 71.2 33.5 12.4

3 6/10/01 80 7.7 23.5 34.8 41.8 55.8 34.8 9.9

4 6/11/01 100 9.5 22.1 33.5 39.9 52.6 31.5 9.8

5 6/12/01 106 6.2 18.9 34.7 41.5 47.4 31.4 10.8

Combined 461 1.6 21.8 349 41.8 71.2 32.7 11.2
Hanford Late

6 6/27/01 90 7.2 253 30.2 39.8 54.7 32.1 8.8

7 6/28/01 75 16.1 25.8 32.3 40.8 61.3 34.4 10.0

8 6/29/01 65 19.0 22.5 29.5 38.5 63.0 32.0 8.9

9 6/30/01 50 18.0 27.1 35.2 42.4 56.2 35.0 9.4

10 7/01/01 68 17.9 23.0 27.0 37.6 78.3 31.0 10.8

Combined 348 7.2 25.2 30.1 40.4 78.3 32.8 9.6
McNary L ate

6 6/27/01 70 6.0 23.3 29.3 38.9 146.2 323 17.3

7 6/28/01 63 7.5 12.6 29.0 50.4 75.9 31.4 11.5

8 6/29/01 62 19.0 22.0 29.0 49.6 19.0 33.8 15.4

9 6/30/01 74 13.9 20.1 27.8 49.9 63.9 29.9 11.2

10 7/01/01 92 12.0 19.8 26.0 34.7 66.2 27.5 8.9

Combined 361 6.0 21.5 27.9 38.8 146.2 30.7 13.1
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Table 6.— Travel tinme (d) statistics for the groups of PIT-
t agged subyearling fall chinook sal non rel eased in the Hanford
Reach and McNary Reservoir and detected at McNary Damin 2000.

Release
group Date N Min. 20% Med. 80% Max. Mean SD

Hanford Early

1 6/01/00 72 20.3 25.7 30.9 36.8 50.1 31.9 7.1
2 6/02/00 128 7.3 23.9 30.6 35.0 71.8 30.1 9.4
3 6/03/00 143 17.7 25.9 32.0 36.5 74.4 32.1 7.6
4 6/04/00 147 18.1 26.1 31.3 35.9 61.0 32.1 7.8
5 6/05/00 133 11.8 26.4 30.8 36.3 60.7 31.5 8.2
Combined 623 7.3 25.7 31.2 36.1 74.4 31.6 8.1
McNary Early
6 6/09/00 153 14.0 25.1 29.2 34.2 64.9 31.2 8.9
7 6/10/00 143 8.6 23.2 28.9 41.8 70.8 31.6 11.0
8 6/11/00 108 17.5 20.7 254 29.4 57.9 31.7 8.6
9 6/12/00 144 9.3 22.1 27.8 38.7 52.8 29.5 9.9
10 6/13/00 141 8.5 21.7 27.7 38.9 58.0 29.6 10.3
Combined 689 8.5 23.4 28.5 39.5 70.8 30.7 9.8

Hanford Middle
11 6/17/00 139 104 23.8 334 40.8 59.3 32.3 10.1

12 6/18/00 143 6.1 22.7 333 40.8 58.1 32.3 11.1
13 6/19/00 169 9.7 20.7 31.7 41.5 60.1 314 10.8
14 6/20/00 122 13.0 21.0 33.8 41.3 55.1 31.3 9.9
15 6/21/00 119 12.8 21.0 33.6 40.1 50.2 31.9 8.9
Combined 692 6.1 21.4 32.8 40.6 60.1 31.8 10.2
Hanford Late
16 6/29/00 40 52 15.1 254 30.0 41.6 24.0 8.8
17 6/30/00 101 52 11.8 30.5 349 80.5 27.5 12.9
18 7/01/00 100 7.2 27.8 33.6 39.9 51.9 33.1 9.7
19 7/02/00 94 8.1 24.8 31.6 38.5 68.7 31.7 9.7
20 7/03/00 63 6.0 11.0 25.7 31.9 46.7 24.1 11.1

Combined 398 5.2 20.0 30.9 38.0 80.5 29.0 11.3
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groups and their estimated survival to McNary Dam showed no
di scernabl e rel ati onshi ps. As such, we do not believe that our
nortality rate in 2001 influenced our survival estinates.

The environnment in which subyearlings rear and m grate may

affect their survival. W found only small differences in
survival between fish released in the Hanford Reach and in
McNary Reservoir within each seasonal tine period. In fact,

fish released further up river in the Hanford Reach had slightly
hi gher survival than fish released in McNary Reservoir in spite
of having an additional 70 kmto travel before reaching the
reservoir. Although Hanford-rel eased fish took 1-3 d longer to
reach McNary Dam this added tinme did not result in reduced
survival conpared to the reservoir-released fish. There are at

| east two possi bl e explanations for these observations. First,
fish released in both riverine and reservoir environnents may be
exposed to the sanme nortality pressures (e.g., predation), which
becone | essened as fish growto mgratory size. |In this case,
survival rates would be simlar and the |onger travel tine of
Hanf ord-rel eased fish would be due to the | onger distance to
travel to McNary Reservoir. An alternative explanation nay be
that there were greater nortality pressures in reservoir
habitats that affect fish regardl ess of when they arrive in the
reservoir. |f Hanford Reach fish were |arger when they reach
McNary Reservoir because of extended rearing tinme in riverine
habitats, then they may have been able to avoid sone of these
nortality pressures (e.g., larger fish can better escape
predators) resulting in higher survival. |If this is true, then
it my explain why fish released in the Hanford Reach survived

i n higher nunbers to McNary Dam

The difference in survival of groups released in the
Hanf ord Reach and McNary reservoir nmay also result from
differences in size dependent nortality in shoreline habitats.
In 2001, smaller fish at release in McNary Reservoir had | ower
detection frequency relative to the size distribution of the
entire release, but this was not observed for the Hanford Reach
rel eases. Because the paired rel eases were conprised of
simlar-sized fish with nearly the sanme arrival tinmes at MNary
Dam we do not believe that the Hanford Reach-rel eased fish were
di fferent enough in size to have contributed to detection
di fferences. Thus, we believe that the detection differences
were due to differential survival between groups rel eased at the

two locations. In addition, relatively small individuals
released in McNary Reservoir may not have experienced the sane
survival as small individuals released in the Hanford Reach.
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Survival was higher for fish released early in the season
conpared to fish released later within release |locations. This
seasonal effect on survival has al so been observed for both
hat chery and natural subyearling fall chinook sal non tagged and
rel eased in the Snake River (Connor et al. 1998a; Smith et al.
2002; Connor et al. Chapter One, this report). It is often
suggested that earlier mgrating fish have higher survival
because river flows are higher and tenperatures are cool er than
they are later in the season. Indeed this was true in 2001, a
drought year, when Priest Rapids Dam fl ows averaged 81 and 63
kcfs for the median tinme fish were at large for the early and
| ate rel eases, respectively. Flows in 2001 were the second
| owest on record. However, late-released fish traveled to
McNary Dam faster than early-rel eased fish under |ower flows,
but this may be the result of the inverse relationship between
fish size and travel tinme (Connor et al. Chapter One, this
report). Fall chinook sal non have a conplex life history in
regards to their rearing and mgratory behavior. It is unknown
whet her fish rear to a specific size and then exhibit directed
downstream m gration or whether they continually nove down
streamas they rear. This conplicates establishing
rel ati onshi ps between juvenile fall chinook sal non survival and
fl ow and tenperature because fish are exposed to a range of
conditions between their rel ease and subsequent detection.
However, higher water velocities in the Hanford Reach may have
contributed to the higher survival of fish rel eased there by
reduci ng their exposure time to predators.

Qur survival estimates for Colunmbia River fall chinook
sal non conpare well with those obtained for cohorts of
nat ural | y- produced Snake River fall chinook salnon in 2001
(Connor et al. Chapter 1 in this report). The survival of Snake
Ri ver fall chinook salnon fromthe Hells Canyon Reach to Lower
Granite Damranged fromO0.410 for the earliest enmerging cohort
to 0.04 for the | atest cohort and averaged 0. 205 overall. Qur
estimates ranged fromO0.414 to 0.322 (nean=0.371), which are
conparable to the high end of the Snake Ri ver estinmates.
Survival in 2001 in the Snake River was the | owest observed for
the years 1998-2001, and was likely due to the very |ow fl ows
and high tenperatures that were preval ent during that drought
year. Survival of fall chinook salnon in the Snake River in
nore typical years (1998-2000) ranged froma high of 0.877 to a
| ow of 0.356, and average survival ranged fromO0.477 to 0. 706.
The drought conditions in 2001 likely contributed to the
relatively low survival in the Colunbia River as well.
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The results of this study suggest that the success of the
Hanford stock is not a result of high survival prior to
encountering the first dam If survival is 30-40% for 62-85 mm
fish (the size we tagged), then one m ght expect even | ower
survival for fish 38 mm (energence size) to 62 nm The question
arises as to why the survival of juvenile fall chinook sal non
was so low in 2001? CQur estimates of 0.30-0.40 were
substantially | ower than the estimated survival for fish
traveling from McNary Damto John Day Damin 2001, which was
0.581 (Smth et al. 2002). Power peaking operations at Priest
Rapi ds Dam often result in high nortality of juvenile fish in
t he Hanford Reach due to stranding and entrapnment. The
estimated nortality due to stranding in 2001 was about 1.6
mllion fish—+he highest since estinates began to be generated
in 1999 (Nugent et al. 2002). Adding to |low survival in 2001
were low river flows, the second | owest on record. As
previ ously nmentioned, drought conditions are characterized by
| ow fl ows, high water tenperatures, and slow travel tinmes, which
have been linked to | ow survival (Connor et al. Chapter 1 in
this report). The cunul ative | osses from passage through
reservoirs downstream of McNary Damresult in an even | ower
proportion of the annual Hanford Reach production to survive to
the estuary. However, it is apparent that enough fish survive
to return as adults to maintain the health of the Hanford Reach
st ock.
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Abstract.-Recovery planning for inperiled popul ati ons of
anadronmous sal nonids can require estimtes of the carrying
capacity of a river for redds (hereafter, redd capacity). W
estimated redd capacity for the 106 known fall chinook sal non
spawni ng sites in the upper and | ower reaches of the Snake
River. W used a nodification of the Instream Fl ow | ncrenenta
Met hodol ogy to estimate spawning area (nf) for 12 representative
study sites. W estimated that one redd occupied 70 nf of
spawni ng area at the nost heavily utilized site. Spawning area
was estimated at the 12 study sites using a stable flow that was
i npl enented to prevent redd de-watering, and two other flows

t hat enconpassed natural fluctuation. W estimted redd
capacity for each study site by dividing the amount of spawning
area nodel ed at each of the three flows by 70 nf. W input the
redd capacity estimates for the study sites into the equation
for a stratified random sanple to nmake three estimates of redd
capacity for all 106 known spawning sites. The estimtes ranged
from2,446 to 2,570 redds. W conclude that the Snake River can
support the 1,250 redds needed to satisfy Endangered Species Act
de-listing criteria. However, annual surveys should be
conducted to eventually determne if recruitnment efficiency is
af fected by density dependent factors before the recovery goal

i s achi eved.
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| nt roducti on

The construction of hydroelectric and diversion dans has
el imnated or reduced spawni ng habitat used by anadronous
salnonids in the Pacific Northwest (Winderlich et al. 1994,
Kondol f et al. 1996, Dauble and CGei st 2000). Spawni ng habit at
|loss is one factor for the inperiled status of many anadronobus
sal nonid stocks. The devel opnment of recovery plans for
inperiled stocks sonetinmes requires estinmating the nunber of
redds that existing or lost habitat can carry (hereafter, redd
capacity). This was the case with Snake River fall chinook
sal non (Oncor hynchus tshawytscha), a stock that was listed as
t hr eat ened under the Endangered Species Act (ESA) in 1992
(National Marine Fisheries Service 1992).

Snake River fall chinook sal non were displaced fromthe
hi stori c spawni ng area near Marsing, |Idaho (G oves and Chandl er
1999) by the construction of Brownl ee, Oxbow, and Hells Canyon
dans (Figure 1). By 1975, Lower Ganite, Little Goose, Lower
Monunent al , and | ce Harbor dans i npounded the | ower 224 km of
t he Snake River |eaving approximtely 173 km of riverine
spawni ng habitat between Hells Canyon Dam and the upper end of
Lower Granite Reservoir (hereafter, the Snake River)(Figure 1).
An estimate of redd capacity was needed to help define a
recovery goal to match the renmining habitat. Few enpirica
data were avail abl e when the recovery plan was drafted, however
and biologists relied heavily on professional judgenent to
establish a proposed recovery goal of 2,500 adults (National
Marine Fisheries Service 1995). The recovery goal equates to a
redd capacity of 1,250 assum ng an equal sex ratio for spawners.

Wil e the Snake River fall chinook sal non recovery plan was
bei ng devel oped, we began to study spawners and their habitat.
Water flow from Hells Canyon Dam was al so stabilized at
approxi mately 260 nm/s during the spawni ng and incubati on seasons
to prevent redd de-watering (G oves and Chandler 1999). 1In this
chapter, we use data that were collected after the proposed
recovery plan for Snake River fall chinook salnon was witten to
estimate fall chinook sal non redd capacity under a stable flow
regime for two reaches of the Snake River. W also discuss the
suitability of the proposed recovery goal (1,250 redds) in |light
of the redd capacity estinates we generate.
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Figure 1.-The Snake River including the |ocations of the upper,
m ddl e, and | ower reaches, and the historic spawni ng area near
Mar si ng (approxi mtely rkm 685), nmajor tributaries, danms and
U.S. Ceol ogical Survey gaging stations. The |ocations
referenced by nunber are 1) Brownl ee Dam 2) Oxbow Dam 3) Hells
Canyon Dam 4) Upper Reach Snake River; 5) Site 311.5; 6) Mddle
Reach Snake River; 7) Anatone, Washington; 8) Lower Reach Snake
River; 9) Lower Ganite Reservoir; 10) Lower Ganite Dam 11)
Little Goose Dam 12) Lower Monunental Dam and 13) |ce Harbor
Dam
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Study Area

For a detailed description of the Snake River, we refer the
reader to papers by G oves and Chandl er (1999) and Daubl e and
CGei st (2000). The Snake River can be divided into three reaches
(Figure 1) based on differences in channel norphol ogy and
di scharge. The volunme of water flow ng through the upper reach
is controlled by releases of water fromthe Hells Canyon Dam
(Goves and Chandler 1999). The Imaha, Sal non, and G ande
Ronde Rivers (Figure 1) provide additional water to the | ower
reach of the Snake River and cause natural flow fluctuation
during spawni ng.

Bet ween 1986 and 2000, there were 78 docunented spawni ng
sites in the upper reach, 11 in the mddle reach, and 28 in the
| oner reach (Garcia et al. 2001). Spawning sites were defined
as areas where redds occurred within a relatively conti guous
patch of nediumgravel to small cobble (long-axis dianeter 2.6
to 15.0 cm Goves and Chandl er 1999).

Met hods

Study sites and maps.-From 1991 to 1994, we selected five
known spawning sites for study in the upper reach and seven in
the lower reach. W did not select any study sites in the
m ddl e reach because of | ow spawner use from 1991 to 1994. W
established one primary transect (Figure 2) at 11 of our study
sites to represent the habitat used by fall chinook sal non
spawners. Three primary transects were established at the
| argest and nost conplex study site at river km (rkn) 266.5.

The |l ocations of the 14 primary transects were surveyed using an
el ectronic total station.

We al so established nunmerous suppl enental transects at
approximately 15-mintervals upstream and downstream of primary
transects to bound the spawning habitat. W used an 8 mm vi deo
canmera positioned 1.2 m above the ground to record substrate
above the water |ine along each primary and suppl enent al
transect. Mean |ong-axis dianmeter of the dom nant substrate was
assessed visually in water less than 0.6-m deep. W used an
underwat er video canera to tape substrate imges in water > 0. 6-
m deep (Groves and Garcia 1998). At |east 20 substrate
measurenents were nmade per transect (CGeist et al. 2000) and the
measur enent | ocati ons and channel el evations were surveyed using
the total station. W determ ned the nean | ong-axis dianeter of
the dom nant substrate in each video inmage (G oves and Chandl er
1999) .
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We made bat hynetric maps of each study site (e.g., Figure
2) by inputting the substrate neasurenent and channel el evation
| ocations into Aut oCAD® and Softdesk® mapping software. These
maps i ncluded the distribution of substrate with | ong-axis
di aneters ranging from2.6 to 15.0 cm (hereafter, spawning
substrate patches) and the | ocations of redds we surveyed
bet ween 1991 and 1994.

Estimating spawning area.-\We collected velocity calibration
data (Bovee and M| hous 1978) at verticals (Figure 2) spaced
along the primary transects using U S. Geol ogi cal Survey (USGS)
gear or an acoustic Doppler current profiler. W surveyed the
| ocation of the verticals using the total station so that
verticals could be positioned on the bathynmetric maps (Figure
2). Velocity calibration data were usually collected during
spawni ng (fl ow ranges upper reach = 250 to 300 ni/s; |ower reach
= 290 to 430 n¥/s). W also collected stage-discharge data
(Bovee and M I hous 1978) over a wi de range of flows (upper reach
260 to 1,190 n¥/s; lower reach 280 to 1,300 n¥/s). Al velocity
calibration data were collected during periods of stable flow

We calibrated the hydraulic nodel 1FG4 (MIlhous et al.
1984) to allow the sinmulation of nean water colum velocity at
the verticals over the spawni ng substrate patches at each study
site. Velocity adjustnment factors were cal cul ated by dividing
the simulated flow by the calculated flow to assess nodel fit.
Al of the velocity adjustnent factors fell in the range of 0.8
to 1.2 indicating IFG4 fit the data (Bovee and Barthol ow 1995).
We used stage-di scharge regressi ons devel oped for the |FG 4 data
decks (Ml hous et al. 1984) to simulate water depth at the
verticals over the spawni ng substrate patches at each study
site. Depth was sinulated by subtracting the surveyed channel
el evation at each vertical fromthe predicted water surface
el evati on.

Estimati ng spawni ng- area- per-redd. - The | FG 4 node
typically represents the streambed in the formof rectangles
called “cells” (MIlhouse et al. 1984). W used vertical spacing
to determine the width of each cell (Figure 2). W determ ned
cell length two ways. For 11 of the primary transects we based
cell length on the maxi num di stance redds were | ocated up and
downstream of the transect (Figure 2). W surveyed one or two
redds at the primary transects representing three of our
upstream sites, although the substrate patches at these sites
wer e obviously | arge enough to support additional spawning. W
determ ned cell length at these three sites by using the
bat hynetric maps to determ ne the up and downstream di st ances
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within the substrate patch that was represented by the primry
transect. W then calculated the area of the spawning substrate
in each cell by using Aut oCAD® and Soft desk® mappi ng software.

W used IFG 4 and the stage-di scharge regressions to
simul ate water depth and nean colum velocity wthin each cel
under the flow that occurred the year we surveyed the maxi mum
nunber of redds at each study site. W calculated the
simulation flow for this analysis as the average of the daily
mean fl ows between the onset and end of spawning. Daily nean
flow records for all sinulations were obtained from USGS gages
at Hells Canyon Dam (rkm 398.6) in the upper reach and Anatone,
Washi ngton (rkm 269.7) in the |ower reach (Figure 1).

The cells with spawni ng substrate were considered to be
suitable for spawning if the simulated depths ranged fromO0.2 to
6.5 m and the sinmulated nean water columm vel ocities ranged
from0.4 to 2.1 ms (Goves and Chandl er 1999). W cal cul ated
spawni ng area (nf) for each study site by summing the area of
spawni ng substrate in the cells that net the above suitability
criteria for water depth and water velocity. W then estimated
spawni ng- ar ea- per-redd at each study site by dividing spawi ng
area by the maxi num observed redd count.

Estimating redd capacity.-We sinulated water depth and nean
wat er colum velocity for sites in the upper reach of the Snake
Ri ver under the stable flowregime (i.e., 260 m/s). To account
for flow fluctuation caused by tributary inflowin the |ower
reach, we sinmul ated water depth and nean water colum velocity
at flows of 280, 400, and 520 nf/s. This range included the
m ni mrum and maxi num daily nmean fl ows observed in the | ower reach
during our study. W estimated redd capacity for each site at
each simulation flow by dividing spawning area by the m ni num
val ue of spawni ng-area-per-redd cal cul ated as described in the
previ ous section of nethods. Finally, we estinmated redd
capacity with a 95% confi dence interval for all 106 known
spawni ng sites in the upper and | ower reaches by inputting the
redd capacity estimates of the 12 study sites into the equation
for a stratified random sanple (Krebs 1999).

Resul ts

Spawni ng area estimates for the 12 study Snake River sites
ranged from 601 to 13,239 nf the year the maxi mum nunber of redds
was surveyed at each study site (Table 1). Spawni ng-area-per-
redd ranged from70 to 683 ntf (Table 1). W selected 70 nt as
the area required by spawners to construct a redd.
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Table 1. —FEstimates of spawning area (SA) per redd (SA/redd)
for 12 fall chinook sal non spawni ng sites al ong the upper and
| ower reaches of the Snake River based on the flow (nf/s) during
spawni ng the year the nmaxi mum nunber of redds were counted at
each site.

Site Si mul ati on SA  Maxi mum r edd SA per redd
(rkmj  Year flow (ni/s) (nf) count (nf)

Upper reach

311.5 1992 261 662 5 132
311.7 1993 270 601 1 601
312.3 1994 262 1,234 5 247
349. 6 1993 270 1, 366 2 683
352.8 1994 262 665 2 333
Lower reach
245. 2 1992 380 3,077 7 440
259.0 1993 411 773 11 70
261. 3 1991 465 4,977 20 249
266.5 1993 411 13, 239 30 441
267.0 1993 411 1, 735 4 434
267.8 1993 411 1,412 6 235
267.9 1993 411 1, 262 14 90
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Spawni ng area estimated for the study sites under the
stable flow regine ranged from601 to 1,234 nf in the upper
reach, and from 773 to 13,239 nf in the |ower reach (Table 2).
Redd capacity ranged from9 to 20 for study sites in the upper
reach, and from 11l to 189 for study sites in the | ower reach
(Table 2). Estimated spawning area and redd capacity increased
for the | ower reach sites at rkm 245.2 (up 21 redds), rkm 266.5
(up 2 redds), rkm267.8 (up 5 redds), and rkm 267.9 (up 3 redds)
as the sinulation flow increased from280 to 520 n?/s (Table 2).

The information required for estimting the redd capacity
of the 106 known spawning sites in the upper (n = 78) and | ower
(n = 28) reaches of the Snake River is given in Table 2. The
three estimates of redd capacity were 2,446+1, 439 (upper reach
flow = 260 n¥/s; |ower reach flow = 280 nt/s), 2,558+1, 427 (upper
reach flow = 260 n?/s; |lower reach flow = 400 n?/s), and
ﬁ$570i1'421 (upper reach flow = 260 nt/s; |ower reach flow = 520

/s).

Di scussi on
Assunptions and Limtations

We assuned that redd capacity increases as spawni ng area
i ncreases. A correlation analysis between spawni ng area and
maxi mum redd count would test this assunption. Gallagher and
Gard (1999) reported a significant correlation between chi nook
sal non spawner density and an estinmate of spawning area called
wei ght ed usabl e area (Bovee 1982). W did not conduct a
correl ation anal ysis because spawner nunber was critically |ow,
thus the majority of the study sites was under utilized. Fal
chi nook sal non redds counted during aerial surveys increased
from4l in 1991 to 255 in 2000 (Garcia et al. 2001). W may
have an opportunity to validate our redd capacity estimates if
adult fall chinook sal non escapenent to the Snake River
continues to increase.

We equated the recovery goal of 2,500 adults to the Snake
Ri ver spawni ng grounds to a redd capacity of 1,250 assunm ng an
equal sex ratio. The information on the sex ratio of wild Snake
Ri ver fall chinook sal non spawners was i nadequate for our
nodel i ng because it is limted to small sanples of carcasses
col | ected haphazardly during spawni ng surveys. However, the
Washi ngton Departnent of Fish and WIdlife propagates hatchery
Snake River fall chinook that are phenotypically and genetically
simlar to wld fish (Bugert et al. 1995, Marshall et al. 2000).

61



Table 2.-Estimtes of redd capacity for 12 fall chinook sal non
spawni ng sites along the upper and | ower reaches of the Snake
Ri ver based a stable flow of 260 n¥/s in the upper reach, and a
range of flows in the |ower reach of 280, 400, and 520 n?¥/s. The
statistics for estimating total redd capacity for the 106 known
spawning sites in the upper (n = 78) and | ower reaches (n = 28)
are al so given

Spawni ng area (nf) Redd capacity
by flow (n¥/s) by flow (n¥/s)
Site
(rkm 260 280 400 520 260 280 400 520
Upper reach
311.5 662 - - - 9 - - -
311.7 601 - - - 8 - - -
312.3 1,234 - - - 18 - - -
349. 6 1,142 - - - 20 - - -
352.8 664 - - - 10 - - -
n 5
Sanpl e mean 13.2
Sanpl e vari ance 28.7
Lower reach
245. 2 - 1,876 3,387 3,387 - 27 48 48
259.0 - 773 773 773 - 11 11 11
261. 3 - 4,977 4,977 4,977 - 71 71 71
266. 5 - 13,105 13,239 13,239 - 187 189 189
267.0 - 1,735 1,735 1,735 - 25 25 25
267. 8 - 1,067 1,412 1,412 - 15 20 20
267.9 - 1,262 1,262 1,475 - 18 18 21
n 7 7 7
Sanpl e nean 50. 6 54.7 55.0

Sanpl e vari ance 4,022.0 3,948.3 5,913.0
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The sex ratio observed for spawners at this hatchery between
1988 and 1996 averaged 0.7 females to 1.0 nmales (Mendel et al.
1992, 1996). W used a 1.0to 1.0 ratio to sinplify our

anal ysis, and to add a neasure of conservatismto our redd
capacity estimates.

We expanded the neasurenents taken at 12 spawning sites to
all 106 spawning sites, thereby assum ng that redd capacity of
study sites represented redd capacity of non-study sites. W
sanpl ed approxi mately 10% of the known spawning sites, which we
bel i eve represented the spawni ng habitat at non-study sites.
However, redd capacity within study sites was variable as shown
by the relatively wi de 95% confidence intervals on our redd
capacity estimates. W recomend studying additional sites if
future research opportunities becone avail abl e.

We did not neasure factors affecting redd capacity such as
inter-gravel flow (Burner 1951, Ceist and Dauble 1998, Gei st
2000), substrate novenent, or substrate recruitnent. W assuned
that inter-gravel flow wuld not limt redd capacity or cause
variability in redd capacity between sites with the sanme anount
of nodel ed spawning area. W al so assuned that substrate
movenent and recruitnment were in dynamc equilibrium These are
strong assunptions that should be tested in the future at both
the spatial and tenporal scales.

We did not report redd capacity estimates for extrenme fl ow
conditions because data were not available to fit the stage-
di scharge regression required to run IFG4. Wthin the range of
fl ows nodel ed, we found that redd capacity decreased noderately
in the | ower reach of the Snake River as flow decreased. This
suggests that the anobunt of spawning area mght limt redd
construction at some low flow | evel, which in turn could have a
tenporal effect on production by reducing the nunber of
returning spawners 4 to 5 years later. Stage-discharge data
col | ecti on under drought conditions would increase nodeling
opportunities, thereby providing a better understandi ng of how
low flow affects redd capacity.

Redd Capacity

W reviewed the literature at the onset of our study to
understand the probl enms others have encountered when estimating
redd capacity. To our know edge there are no peer-revi ewed
papers on this topic. Bjornn and Reiser (1991) reviewed
unpubl i shed data that clearly showed the potential for
overestimati ng redd capacity when spawni ng area was based solely
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on spawni ng substrate availability. They concluded that redd
capacity depended on: the anpbunt of suitable spawning substrate
covered by water with acceptabl e depths and velocities for
spawning (i.e., spawning area), and on the area required for a
pair of spawning fish (i.e., spawning-area-per-redd).

We nodified the Instream Fl ow I ncrenental Mt hodol ogy
(Bovee 1982) to estinate spawning area. Although w dely applied
by bi ol ogists, this nethod can grossly overestimte spawni ng
area (Shrivell 1989). Using Shrivell (1989) for guidance, we
made conservative estinmates of spawning area by: 1) studying
sites known to be used by spawners; 2) cal cul ati ng spawni ng area
based on the actual shape of the wetted spawni ng substrate patch
rat her than the rectangul ar shape of cells; and, 3) determ ning
cell length using the |ocation of redds or short stretches of
habitat with relatively honogenous depths, velocities,
substrate, and channel contours.

We used a relatively | arge value for spawni ng-area- per-redd
(i.e., 70 nf) that was based on the highest redd density we
observed. The space required for redd construction probably
varies in response to stream size, spawn timng, and spawner
density. For conparison, Swan (1989) reported spati al
requirements ranging from21.7 to 75.2 nf/redd. Burner (1951)
proposed that female fall chinook sal non require four tines the
area of a redd to spawn, which equates to 68 nf using the redd
surface area of 17 nf reported by Chapman et al. (1986). Using
70 nt added an additional nmeasure of conservatismto our
estimates of redd capacity.

We devel oped our nethod for estimating redd capacity to
acconplish two objectives. The results obtained for the first
objective indicate that redd capacity for the upper and | ower
reaches of the Snake River ranges from 2,466 to 2,570 under the
stable flow regine. The actual carrying capacity of the Snake
Ri ver for fall chinook sal non redds (or the “best estimate”)

m ght be hi gher because our nethod was conservative. For
exanple, the estimtes of redd capacity woul d have ranged from
7,875 to 8,283 if we divided spawning area by the 21.7 nf per
redd reported by Swan (1989) instead of 70 nf.

Managenent | nplications
In light of our redd capacity estimates, we believe that
t he Snake River can support the 1,250 redds needed to renove

Snake River fall chinook salnmon fromthe list of federally
protected species. The |owest of the three estimates, 2,466, is
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roughly twice the de-listing criteria of 1,250 redds. W
acknow edge that the 95% | ower confidence limts on our redd
capacity estimates show that redd capacity could be as | ow as
1,007 to 1,149. A stock-recruitnment analysis (R cker 1975)
conducted with enpirical data collected as spawner escapenent
increases wll be the only way to confirmredd capacity, and to
determine if the recovery goal is achievable. Qher recovery
measures such as spawni ng gravel enhancenent m ght be necessary
if recruitnment efficiency is affected by density dependent
factors before the recovery goal is attained.
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Abstract.—Bam construction in the 1950s and 1960s bl ocked
passage to the historical spawning area of Snake River fal
chi nook sal nron Oncor hynchus tshawytscha. W conpil ed water
tenperature data and col lected juvenile fall chinook salnon in
t hree present-day spawning areas from 1992 to 2000 to
investigate the relation between water tenperature and juvenile
l[ife history events. W used historical water tenperature and
the literature to depict juvenile life history in the historica
spawni ng area. Water tenperatures of the three present-day
spawni ng areas differed significantly fromw nter through spring
when eggs were incubating (P < 0.0001), and during spring when
juveniles were rearing and starting seaward novenment (P <
0.0001). Life stage timng generally proceeded earlier when
wat er tenperature was warnmer than when it was cooler (fry
emergence r? = 0.85, N = 14, P < 0.0001; growth to parr size r? =
0.94, N =15 P < 0.0001; snolt migration r? = 0.93, N= 14, P <
0.0001). The percentage of fish that overwintered in freshwater
increased as water tenperature during the spring decreased (r? =
0.40, N =12, P =0.02). The historical spawning area was
war ner than present-day spawning areas. Therefore, fall chinook
salnon juvenile life history progressed on an earlier tine
schedul e. W conclude that dam construction changed juvenile
fall chinook salmon life history in the Snake River basin by
shifting production to areas with relatively cool water
tenperatures and conparatively | ower growh opportunity.
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| nt roducti on

Construction of dans altered the freshwater habitat of
anadronmous salnonids in North Arerica (e.g., Mffitt et al
1982; Winderlich et al. 1994; Kondolf et al. 1996; Dauble and
Wat son 1997; Dauble and Geist 2000). Dam construction can be a
factor for popul ation decline, especially if the historical
spawni ng and rearing habitat were elimnated and the mgration
corridor was inpounded. This was the case with Snake R ver fal
chi nook sal non Oncor hynchus tshawytscha, a stock that was |isted
as threatened under the Endangered Species Act (ESA) in 1992
(NMFS 1992).

Prior to 1963, the primary area for Snake River fal
chi nook sal non production was in a 49-kmreach of river between
Swan Falls Dam and Marsing, |daho (Groves and Chandl er 1999;
hereafter, the Marsing reach of the Snake River; Figure 1).
Fal | chinook sal non were extirpated fromthe Marsing reach of
t he Snake River by Brownl ee, Oxbow, and Hells Canyon dans
(Figure 1). Lower Ganite, Little Goose, Lower Mnunental, and
| ce Harbor danms (Figure 1) inpounded the | ower 224 km of the
Snake River by 1975. This left a continuous 173-kmreach of
riverine habitat between Hells Canyon Dam and t he upper end of
Lower Granite Reservoir (Figure 1) for fall chinook sal non
production. Spawners al so had access to the | ower reaches of
t he I maha, Sal non, Grande Ronde, and Clearwater rivers (Figure
1), which lack conclusive historical evidence of supporting the
Snake River stock of fall chinook sal non.

From 1991 to 1999, annual redd searches were conducted in
t he Snake, | maha, Sal non, and Grande Ronde rivers, and in the
Cl earwater River basin (1daho Power Conpany, Nez Perce Tri be,
and U S. Fish and WIldlife Service, unpublished data). A grand
total of 1,867 fall chinook sal non redds was counted with an
i nter-annual range of 54 to 579. Timng of redd construction
ranged from Cctober to early Decenber with a peak in early to
m d Novenber. Approxinmately 58% of the redds was counted in the
Snake River, 27%in the |lower Cearwater River, and 15%in the
ot her areas conbi ned.

O fspring of fall chinook sal non spawners make up the
majority of wild fry and parr that inhabit the shorelines of the
Snake and |l ower Clearwater rivers. From 1995 to 1997, genetic
sanpl es showed that 100% of the wild chinook sal non in the Snake
Ri ver upstream of the Sal non River confluence (hereafter, the
upper reach; Figure 1) were subyearling fall chinook sal non
(Marshall et al. 2000; W P. Connor, unpublished data). From
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Figure 1.—tocations of the upper and | ower reaches of the
Snake River, the lower Cearwater R ver where adult fall
chi nook sal non spawn and their offspring were captured by

usi ng a beach seine (cross hatched ellipses), the historical
spawni ng area between Swan Falls Dam and Marsing, |daho (cross
hatched el lipse), and other |andmarks. The |ocations are as
follows: 1 = Swan Falls Dam 2 = Marsing, |daho; 3 = D pper
trap (Krcma and Raleigh 1970); 4 = Brownl ee Dam 5 = Oxbow
Dam 6 = Hells Canyon Dam 7 = Snake River upper reach; 8 =
Snake River lower reach; 9 = Lower Cearwater River; 10 =
Dwor shak Dam 11 = Lower Ganite Reservoir; 12 = Lower Ganite
Dam (Pl T-tag nonitoring); 13 = Fyke nets (Mains and Smith
1964); 14 = Little Goose Dam (PIT-tag nonitoring); 15 = Lower
Monument al Dam (Pl T-tag nmonitoring); 16 = |ce Harbor Dam 17 =
McNary Dam (Pl T-tag nonitoring); 18 = John Day Dam (Pl T-tag
monitoring); 19 = The Dalles Dam 20 = Bonneville Dam (Pl T-t ag
noni t ori ng) .
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1993 to 1998, roughly 76% of the wild subyearling chinook sal non
in the Snake River between the Sal non Ri ver confluence and the
upper end of Lower Granite Reservoir (hereafter, the | ower

reach; Figure 1) was progeny of fall chinook sal non spawners
(Connor et al. 200l1a). The remaining 24% was of fspring of
spring and summer chi nook sal non that spawn in | ow order streans
in the Snake River basin. These wild subyearling spring and
sumer chi nook sal non di spersed | ong di stances from nat al
streans into the Snake River where they reared and m grated
seaward a little earlier than fall chinook sal non (Connor et al.
2001a, 2001b). Small anounts of data al so suggest the presence
of early rearing and seaward m grating subyearling spring

chi nook salnmon in the | ower Cearwater River (W P. Connor
unpubl i shed data). For sinplicity, we refer to the wild
subyear|ing chinook that inhabit present-day spawni ng areas as
fall chinook sal non.

In this chapter, we describe and conpare the water
tenperature regi mes of the upper and | ower reaches of the Snake
River, and the |ower Clearwater River. W describe and conpare
life history of juvenile fall chinook salnon in these three
spawni ng areas. W test the relation between water tenperature
and juvenile life history events. W use historical water
tenperature data, growth opportunity theory (Metcal fe and Thor pe
1990; Taylor 1990), and past studies to depict juvenile fall
chi nook salnon life history in the Marsing reach of the Snake
prior to dam construction.

Met hods

Water tenperature and life history data are presented by
brood year. For exanple, nmean water tenperature fromw nter
1991 to spring 1992 is reported as water tenperature in brood
year 91. Young fall chinook sal non collected in spring of 1995,
whi ch were produced by spawning in 1994, are identified as being
from brood year 94.

Wat er tenperature data.—bPata for brood years 91 to 98 were
col | ected using hourly recording thernographs or standard U. S.
CGeol ogi cal Survey tenperature nonitoring equi pnment stationed
known di stances (kn) from each river nmouth (abbreviated as rkm.
Ther nograph | ocations in the Snake River varied by year and fl ow
| evel . Thernographs were stationed at rkm 383, rkm 369, rkm
346, rkm 325, and rkm 303 in the upper reach of the Snake River,
and at rkm 290, rkm 287, rkm 274, rkm 265, and rkm 251 in the
| ower reach of the Snake River. Data were collected at rkm 35
(brood years 92 to 94) and rkm 19 (brood years 91 and 95 to 98)
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in the lower Clearwater River. Data for the Marsing reach of
t he Snake River were collected at Swan Falls Dam for brood years
60 to 69 using a continuously recording thernograph.

Dai ly mean water tenperature was cal cul ated from
t hermograph output. Data for two or nore thernographs in the
Snake River were averaged wthin a reach to provide one daily
mean water tenperature value. Mssing daily nmean val ues were
predi cted by using ordinary | east-squares regression (range of r
values 0.93 to 0.99). For exanple, mssing daily nean val ues
were predicted for 10/15/68 to 10/ 22/ 68 based on a regression
nodel fit using observed day of year (e.g., January 1 = 1) and
daily mean water tenperatures collected two weeks before
10/ 15/ 68 and two weeks after 10/22/68.

2

We calculated two water tenperature indices fromthe daily
mean water tenperature data for conpari son anbng spawni ng areas,
and for regression analyses. Wnter—spring (12/21 to 6/20)
wat er tenperature was used to index conditions during egg
i ncubation and fry enmergence. Mean spring (3/20 to 6/20) water
tenperature was used to index conditions during shoreline
rearing and the onset of seaward m gration.

Life history. W sanpl ed the upper reach of the Snake Ri ver
frombrood years 94 to 99, the |Iower reach of the Snake River
frombrood years 91 to 99, and the |ower Clearwater R ver from
brood years 92 to 94. W captured juvenile fall chinook sal non
by using a beach seine (Connor et al. 1998). Sanpling typically
started in April soon after fry began energing fromthe gravel,
and was conducted 1 d/week at permanent stations within each
spawni ng area. Once a mpjority of the fish were at | east 60 nm
fork I ength, we sanpled additional stations in each spawni ng
area for three consecutive weeks. W discontinued all sanpling
in June or July when the majority of fish had noved into Lower
Granite Reservoir or to points further downstream

We used the capture dates of fish under 46 mmfork |ength
to describe fry energence timng. W used the capture dates for
fish over 45 mmfork |length to describe the timng of growth to
parr size. Al capture dates were adjusted to Sunday’s date the
week of sampling to account for differences in day of sanpling
anong the three spawni ng areas. For exanple, a capture date of
5/ 2/ 93 (Sunday) was reported for fry and parr collected from
5/4/93 to 5/6/93 (Tuesday to Thursday).

W inserted passive integrated transponders (PIT) tags
(Prentice et al. 1990b) into parr 60 mmfork | ength and | onger
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(Connor et al. 1998). Tagged parr were rel eased at the
collection site after a 15-mn recovery period. Sone of the

PI T-tagged fish were detected as snolts as they passed
downstreamin the juvenile bypass systens of dans equi pped with
PIT-tag nmonitors (Matthews et al. 1977; Prentice et al. 1990a;
Figure 1). Operation schedules for the fish bypass systens
varied by damand year. Mst of the detections were in the fish
bypass systens of Lower Granite, Little Goose, and Lower
Monument al dans operated fromearly April to early Novenber, and
at McNary Dam (Figure 1) operated fromearly April to early
Decenber .

We used the detection data collected at Lower G anite Dam
which is the first dam encountered en route to the Pacific
Ccean, to represent snolt mgration timng. W used the
detection data collected at all dans equi pped with PIT-tag
nmoni toring equi pnent (Figure 1) to determ ne the annual
percentage of tagged fish that overwintered in freshwater and
m grated seaward the next spring. W calculated this percentage
as: Nunber of fish released in year t that were |ast detected in
year t+1, divided by the total nunber of fish released in year t
that were detected in years t and t+1, nultiplied by 100.

Statistical analyses.-¥e cal culated grand nean wi nter—
spring and spring water tenperatures. For exanple, grand nean
W nter—spring water tenperature was cal cul ated as the nean of
all the nean annual w nter—spring water tenperatures. W
conpared grand nmean water tenperatures by seasonal period anong
the three spawni ng areas using ANOVA (al pha = 0.05) with a
random zed bl ock desi gn bl ocking on year with spawni ng area as
the treatnment. Tukey-type pair-w se conparisons (al pha = 0.05)
were made to test for significant differences between grand
means of two spawni ng areas.

We were unable sanple all three spawni ng areas every year,
therefore we did not statistically test for differences inlife
hi story. W generally conpared life history based on the grand
mean dates of fry enmergence, growh to parr size, snolt
m gration, and the grand nean percentage of fish that
overwi ntered in freshwater.

We used ordinary | east-squares regression (alpha = 0.05) to
test the relation between water tenperature and life stage
timng, and the percentage of fish that overwintered in
freshwater and m grated seaward the next spring. W tested four
nul |l hypotheses: 1) fry energence timng is not related to
W nter—spring water tenperature; 2) timng of gromh to parr
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size is not related to spring water tenperature; 3) snolt
mgration timng is not related to spring water tenperature; and
4) the percentage of fish that overwintered in freshwater and

m grated seaward the next spring is not related to spring water
t enper at ure.

Resul ts
Wat er Tenperature Brood Years 91 to 98

Wnter—spring water tenperatures (Table 1) differed
significantly anong the upper and | ower reaches of the Snake
River and the lower Clearwater River (P < 0.0001). The upper
reach of the Snake River was the warnest, followed by the | ower
reach of the Snake R ver, and then the |ower C earwater River
(Table 1).

Spring water tenperatures (Table 1) differed significantly
anmong the three spawning areas (P < 0.0001). The upper reach of
the Snake R ver was the warnmest, followed by the | ower reach of
t he Snake River, and then the |ower C earwater River (Table 1).

Devel opnent through the Life Stages

Fry enmerged earliest in the upper reach of the Snake River,
foll owed by the I ower reach of the Snake River, and then the
| oner Clearwater River (Table 2). Fry generally energed earlier
when nmean wi nter—spring water tenperature was warner than when
it was cooler (P < 0.0001; Figure 2).

Gowmh to parr size occurred earliest in the upper reach of
the Snake River, and latest the |ower Clearwater R ver (Table
3). Gowth to parr size was generally earlier when nean spring
wat er tenperature was warmer than when it was cooler (P <
0.0001; Figure 2).

We inserted PIT tags into a grand total of 13,605 parr. O
these, a grand total of 2,663 was detected as snolts as they
passed Lower Granite Dam Snolt migration timng was earliest
for fish tagged in the upstreamreach of the Snake R ver and
|atest for fish tagged in the Lower Cl earwater River (Table 4).
Snolts generally began seaward mgration earlier when nean
spring water tenperature was warmer than when it was cooler (P <
0.0001; Figure 2).
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Table 1. —-Mean water tenperatures (°C) by seasonal period for
t he upper and | ower reaches of the Snake River, and the | ower
Cl earwater River, brood years 91 to 98. All three G and neans
(°C+SE) within each seasonal period were significantly (al pha =
0.05) different.

W nt er—spring Spring
Snake Snake Snake Snake
Ri ver Ri ver | ower Ri ver Ri ver | ower
Brood upper | ower Cl earwat er upper | oner Cl earwater
year reach reach Ri ver reach reach Ri ver
91 8.9 9.0 7.9 12. 7 12.9 11.1
92 7.6 7.1 5.7 11.8 11.0 8.6
93 8.0 7.8 6.3 12.0 11.8 9.2
94 8.2 7.6 5.7 11.8 10.9 8.2
95 8.7 6.1 12. 7 8.2
96 8.7 7.9 6.8 12. 4 11.2 8.9
97 8.3 8.1 7.3 12.0 11.5 9.9
98 8.5 7.5 6.3 12.3 10. 6 8.2
G and

means 8.4+0.2  7.9+0.2  6.5+0.3 12.2+0.1 11.4+0.3 9.0+0.4
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Table 2. WId fall chinook salnon fry (under 45 mm fork | ength)
energence timng given as Sunday’ s date for each week for the
upper and | ower reaches of the Snake Ri ver and the | ower
Cl earwater River, brood years 91 to 99. Calendar dates are
reported as the nedian; range; sanple size. Gand neans are
reported as day of year + SE

Br ood Snake R ver Snake R ver | ower Cl earwat er
year upper reach | ower reach Ri ver

91 4/ 26; 3/ 29-5/ 24; 355

92 5/ 16; 4/ 4- 6/ 20; 199 6/ 27;6/27-7/4; 18
93 5/ 15; 4/ 3-6/ 5; 440 6/ 5; 4/ 24- 6/ 26; 54
94 4/ 23; 4/ 2-5/21; 117 4/ 30; 4/ 2- 6/ 4; 257 6/ 18; 4/ 2-7/2; 90

95 4/ 28; 4/ 14-5/5; 14 5/5; 4/ 14-6/ 23; 268

96 : 01 5/ 4: 4/ 20-6/29; 114

97 4/19;4/12-5/10; 101 4/26;4/12-6/14; 322

98 5/ 2; 4/ 4-5/23; 97 5/2; 4/ 4-6/27; 278

99 4/9; 4/ 2-5/14; 683 4/ 9; 4/ 2-6/ 4; 415

G and

means 113+4 122+4 168+6
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Table 3. Fimng of wld fall chinook salnmon growh to parr size
(over 45 mmfork |l ength) given as Sunday’ s date for each week for
t he upper and | ower reaches of the Snake River and the | ower
Cl earwater River, brood years 91 to 99. Calendar dates are
reported as the nedi an; range; sanple size. Gand neans are
reported as day of year + SE.

Br ood Snake R ver Snake R ver | ower Cl earwat er
year upper reach | ower reach Ri ver

91 5/17;3/29-6/7; 1, 765

92 6/6;4/11-7/18; 2,215 6/27;6/27-7/18; 533
93 5/ 29; 4/ 3-7/10; 4, 346 6/19; 4/ 10-7/ 10; 967

94 5/28;4/9-6/18; 985 6/ 4;4/2-7/2; 1, 408 712;5/7-7/23; 695
95 5/12;4/14-6/16; 118 5/ 26; 4/ 14-7/ 14; 756

96 5/25;4/20-6/15; 119 6/ 8; 4/ 20- 7/ 13; 938

97 5/17;4/12-7/5;1,078 5/31,;4/12-7/5; 2,512

98 5/23;4/11-6/27;1,493 6/6;4/4-7/11; 1, 647

99 4/23;4/2-6/11;1,064 5/14;4/2-6/25;1,578

G and
nmeans 13745 150+3 168+6
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Table 4. —Snolt mgration timng at Lower Ganite Damfor wld
fall chinook sal non that were initially captured, PIT tagged, and
rel eased in the upper and | ower reaches of the Snake R ver, and
the lower Clearwater River, brood years 91 to 99. Cal endar dates
are reported as the nedi an; range; sanple size. Gand neans are
reported as day of year + SE

Br ood Snake River Snake River | ower C earwat er
year upper reach | ower reach Ri ver

91 6/ 20; 5/ 4-7/ 21; 39

92 7/ 21;5/31-10/ 25; 234 8/20;7/14-10/5; 19
93 7/17;5/23-11/1; 193 ; ;1

94 7/ 18, 6/ 4-10/ 24,203 8/ 1,6/ 2-10/ 26, 238 9/12; 7/ 2-10/ 30; 30
95 7/ 4,5/ 20-7/25; 19 7/22;5/17-10/31; 126

96 6/ 27, 6/ 4- 8/ 13, 22 7/ 16; 6/ 14- 10/ 13; 97

97 7/7,5/19-8/21;173 7/ 11;5/29-10/ 19, 380

98 7/ 3; 6/ 2-8/ 28; 319 7/ 25; 6/ 1- 8/ 30; 241

99 6/ 27,5/ 6-7/18,; 72 7/ 2; 5/ 18- 10/ 28; 257

G and
nmeans 186+3 196+4 244+12
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A grand total of 3,528 of the PIT-tagged parr was detected
as snolts as they passed dans in the | ower Snake and Col unbi a
rivers. The percentage of fish that overwintered in freshwater
and m grated seaward the next spring was |owest for the upper
reach of the Snake Ri ver and highest for the | ower C earwater
River (Table 5). The percentage of fish that overwintered in
freshwater and m grated seaward the next spring generally
i ncreased as spring water tenperature decreased (P = 0.02; Figure
3).

Wat er Tenperature Brood Years 60 to 69

On average, wi nter—spring water tenperature for brood years
60 to 69 were 1 to 3°C warner in the Marsing reach of the Snake
River than in the three present-day spawni ng areas during brood
years 91 to 98 (Tables 1 and 6). Mean spring water tenperatures
were al so an average of 2 to 4°C warnmer in the Marsing reach of
the Snake River than in the three present day spawni ng areas
(Tables 1 and 6).

Tabl e 5. —Fhe percentage of PIT-tagged wild fall chinook sal non
fromthe upper and | ower reaches of the Snake River, and the
| oner Clearwater River, that overwintered in freshwater and
m grated seaward the next spring based on detection data
collected at danms in the Snake and Col unbia rivers, brood years
91 to 99. The total nunber of final detections is given in
parent heses, and grand neans are reported + SE

Snake River Snake River | ower Cl earwater
Brood year upper reach | ower reach R ver
91 4.4 (68)
92 15.7 (351) 67.1 (70)
93 24.6 (334) 84.6 (26)
94 0.9 (328 3.8 (364) 6.3 (48)
95 3.3 (30) 4.7 (169)
96 0.0 (45) 18.5 (173)
8; 1.9 (324) 3.9 (693
99 4.3 (139 13.9 (366)
G and
neans 2.140.8 11.2+2.9 52.7+23.7
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Figure 3.—Fhe relation between spring water tenperature and

the percentage of PIT-tagged wild fall chinook sal non that
overwi ntered in freshwater and mgrated seaward the foll ow ng
spring based on detection data collected at dans in the Snake
and Colunbia rivers. Data for the regression are given in
Tables 1 and 5.



Tabl e 6. —Seasonal nean and grand nean + SE water tenperatures
(°C) for the Snake River neasured at Swan Falls Dam brood years
60 to 69.

Brood year

G and
60 61 62 63 64 65 66 67 68 69 nmean

W nt er—spring
9.5 10.2 9.0 9.7 85 9.1 9.7 9.9 10.0 10.2 9.6+0. 2
Spring

14.2 14.4 13.5 13.8 12.7 12.9 14.2 13.7 13.9 14.8 13.8+0. 2
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Di scussi on

“As poi kil otherms, young anadronous sal nonids are strongly
i nfluenced by the tenperatures of their habitat, and the extent
of this influence is denonstrated in the life cycle of different
speci es” (Brannon 1987). W found that |ife history of juvenile
fall chinook salnmon in the upper and | ower reaches of the Snake
Ri ver and the lower C earwater River progressed on three
separate but overlapping tinme schedules. W did not collect
data to establish causal |inkages between this finding and every
factor that can affect life history variation in juvenile
anadronous salnonids. Differences in the tenperature regines,
however, offer the nost plausible explanation for the life
hi story variati on we observed.

Fry emergence timng differed anong present-day spawni ng
areas |largely because rate of egg devel opnent is positively
correlated with water tenperature, and because water tenperature
vari ed anong spawning areas. Timng of growmh to parr size,
whi ch was a crude neasure of growth in fork | ength, varied anong
spawni ng areas partly because of fry energence timng. The
differences in water tenperature anbng spawni ng areas al so help
explain variability in timng of growh to parr size because
growt h of young fall chinook sal non increases as water
tenperature increases within a range of 10.0 to 18. 3°C provi ded
that food is not limting (Banks et al. 1971).

Water tenperature also played a role on snolt mgration
timng. W suggest that there are two probable causes for this
finding. Curet (1994) reported that juvenile fall chinook
sal non reared al ong the shoreline of Lower Ganite Reservoir
later into the year when the water was cool, and that dispersal
fromthe shoreline occurred when water tenperature exceeded
18.0°C. Researchers have al so suggested that fast grow ng
chi nook sal non progress fromparr to snolt stage earlier inlife
than those that grow nore slowy (Beckman and Di ckhof f 1998;
Connor et al. 2001b). Differences in timng of offshore
novenent and snoltification caused by water tenperature would
hel p explain the variability we observed in snolt mgration
timng.

Wat er tenperature has been used by others to explain
variability in anadromous salnonid life history. Metcalfe and
Thor pe (1990) devel oped a grow h opportunity index based on nean
air tenperature (used as a surrogate for water tenperature) and
phot operi od that expl ai ned 82% of the observed variability in
age at snmolting for wild Atlantic salnon Salnpo salar. Juvenile



Atlantic salnon that reared in warnmer streamreaches m grated
seaward earlier than those from cool er streamreaches. Tayl or
(1990) anal yzed data from 160 chi nook sal non popul ati ons rangi ng
fromCalifornia to Al aska, and he showed that areas with | ow
growt h opportunity tended to produce juveniles that m grated
seaward as yearlings.

The results in the present paper are consistent with those
of Metcal fe and Thorpe (1990) and Taylor (1990). The war nest
present -day spawni ng area, the upper reach of the Snake River
mai nly fostered an “ocean-type” early life history (Heal ey
1991). Young fall chinook sal non energed in spring, reared for
two to three nonths, and then mgrated seaward. The | ower
Cl earwater River, which is the cool est present-day spawni ng
area, sonetinmes produced juvenile chinook salnon with a “stream
type” early life history (Healey 1991). Fry energence was in
|ate spring and early sumer. Many subyearling fall chinook
sal non began seaward novenent in sumrer and fall, overw ntered
in reservoirs, and then resunmed seaward migration in spring.

Gowm h opportunity can be used as a basis for depicting
juvenile fall chinook salnmon |ife history in the Marsing reach
of the Snake River. Historical redd surveys suggest that fal
chi nook sal non spawned at about the sanme tine (if not earlier)
as present-day spawners (ldaho Fish and Gane, U. S. Fish and
WIldlife Service, unpublished data). Therefore, the relatively
war m Marsing reach of the Snake Ri ver woul d have fostered an
ocean-type life history that progressed earlier than observed in
present -day spawni ng areas during the 1990s. Studies by Krcma
and Ral eigh (1970) and Mains and Smth (1964) support this
depiction, especially by conparison to the | ower reach of the
Snake River and the |ower C earwater River.

Krcma and Ral ei gh (1970) used a “m grant dipper” trap in
1962 and 1963 to capture offspring of adult fall chinook sal non
t hat spawned in the Marsing reach of the Snake River in 1961 and
1962. The trap was | ocated just upstream of Brownl ee Reservoir
(Figure 1), and it was operated daily from April through June.
No fry were captured after md-April in 1962, or after m d-May
in 1963 (Krcma and Ral eigh 1970). W captured fry in the | ower
reach of the Snake River fromlate May to early June, and in the
| oner Clearwater River fromlate June to early July.
Approxi mately 98% of the juvenile fall chinook sal non popul ati on
of the historical spawning area reached parr size and started
m grating seaward by the end of May in both 1962 and 1963 (Krcna
and Ral eigh 1970). During the 1990s, an average of
approximately 50% of the fish in the |lower reach of the Snake
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River and the | ower Cearwater R ver had not grown to parr size
or started noving seaward by the end of May.

Mai ns and Smth (1964) sanpled juvenile anadronous
sal nonids in 1954 and 1955 using adjacent fyke nets that spanned
t he un-i npounded Snake River at rkm 132 between the present
| ocations of Lower Granite and Little Goose dans (Figure 1).
Agi ng and genetic sanpling was not conducted, but catch
presumably included offspring of spring, sunmer, and fal
chi nook sal non that spawned throughout the Snake River basin in
1953 and 1954. Based on daily catch data, passage of the entire
chi nook sal mon snolt run was conplete by the end of June well
before fl ow descended to base levels (Mains and Smith 1964). |In
the 1990s, an average of |l ess than 50% of the snmolts fromthe
three main present-day fall chinook sal non spawni ng areas had
passed Lower Granite Damat rkm 173 by the end of June.

Managenent | nplications

We concl ude that dam construction changed juvenile fal
chi nook salnmon life history in the Snake River basin by shifting
production to areas with relatively cooler water tenperatures
and conparatively | ower growth opportunity. Consequently, snolt
m grations do not begin until late spring and sumer. Snolt
passage in the | ower Snake River reservoirs occurs after spring
runof f has ended and sumrer water tenperature reaches critical
| evel s (Connor et al. 1998). Sone young fall chinook sal non
that survive in reservoirs over sunmer fail to reach the sea
until they are yearlings.

The efficacy of the proposed Snake River fall chinook
sal non recovery plan (NVFS 1995) relies in part on mtigation
for damcaused |life history changes. Summer flow augnmentation
(Connor et al. 1998) and snolt transportation (Ward et al. 1997)
are inplemented annually to offset delays in seaward m gration.
Fi shery managers need to know i f sunmer flow augnentation
i ncreases downstream mgration rate and survival of snolts in
Lower Granite Reservoir, and if transportation of snolts from
Lower Granite Damincreases smolt-to-adult return rates.
Research is also needed to determne if egg incubation and
growt h coul d be accel erated by sel ective rel eases of upstream
reservoir water.
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Abstract. —Summer flow augnentation is inplenmented annually to
mtigate for the devel opment of the hydropower systemin the
Snake River basin by increasing the downstream m gration rate of
wi | d subyearling fall chinook sal non Oncorhynchus tshawyt scha.
However, the efficacy of sumrer flow augnentation has been
di sputed. W studied sone of the factors affecting downstream
mgration rate of wild subyearling fall chinook salnon in the
Snake River. W then assessed the effects of summrer flow
augnent ati on on downstream m gration rate, and on passage date
at the first dam encountered by snolts during seaward m grati on.
We used data collected on wild subyearling fall chinook sal non
in the Snake River from 1995 to 2000 to fit year-by-year
ordi nary | east-squares regression nodels. The predictor
vari ables were release fork length (M), rel ease water
tenperature (°C), flow (nf/s), and distance traveled (km in
riverine habitat. Together these four variabl es explained from
62 to 86% of the observed variability in downstream m gration
rate (N range 119 to 560; all P values < 0.0001). On average,
predi cted downstream m gration rates decreased fromO0.1 to 0.2
kmid when the flow vari abl e was reduced by the volune of water
rel eased for sumer flow augnentation. W estimted that the
average fish would have taken from1l to 5 d | onger to pass Lower
Granite Damw thout the aid of summer flow augnentation. The
results in this paper suggest that summer flow augnentation
i ncreases downstream mgration rate of fall chinook sal non
snolts that are physiologically and behaviorally disposed to
m grate seaward provided that the timng of flow augnentation
corresponds to reservoir passage.

94



| nt roducti on

The m gratory behavior of juvenile chinook sal non varies
widely within the species. GOcean-type chinook sal non begin
seaward m gration as subyearlings after a few nonths of
freshwater rearing (Healey 1991). Streamtype chi nook sal non
(Heal ey 1991) generally overwinter in their natal streans or
| arger-order streans, and then mgrate seaward as yearlings the
followi ng spring (Chapman and Bjornn 1969; Bjornn 1971; Achord
et al. 1996). Sone young chinook sal non deviate fromthe early
life history type of their parents and siblings by mgrating one
year earlier or later than normal (Connor et al. 200l1la, 2001b,
Chapter Four in this report).

Downst r eam novenent of juvenil e anadronous sal nonids can
i ncl ude periods of dispersal and residency even after seaward
mgration is initiated (Smth 1982). Habitat alterations such
as dans and reservoirs can result in seaward novenent that is
even nore discontinuous. Venditti et al. (2000) found that 22%
of the wild subyearling fall chinook salnon they radio tagged in
a Snake River reservoir switched from downstreamto upstream
novenment at sone point in their mgration, and that downstream
mgration rate declined as fish passed fromfaster flow ng water
i n upper reservoir reaches to slower noving water in | ower
reservoir reaches. Venditti et al. (2000) attributed the
upstream novenment and reduction in mgration rate they observed
to decreased water velocity in the dam forebay.

The influence water velocity has on downstream m gration
rate of subyearling chinook salnon in reservoirs is disputed.
Berggren and Filardo (1993) and Gorgi et al. (1997) studied the
relati on between stream di scharge (a surrogate for water
velocity, hereafter referred to as flow) and downstream novenent
of subyearling chinook salnmon in the Colunbia R ver. Berggren
and Filardo (1993) concluded that increasing flow can mtigate
for dam caused passage delays. Gorgi et al. (1997) concl uded
that there is no evidence for a relation between downstream
mgration rate and fl ow.

The nature of the relation between downstream m gration
rate and water velocity (or a flow based surrogate variable) is
inmportant to the efficacy of summer flow augnmentation. Sunmer
fl ow augnentation is nmade up of rel eases of water from Dworshak
Reservoir and reservoirs upstream of Brownl ee Dam (NMFS 1995;
Connor et al. 1998; Figure 1). Sunmmer flow augnentation is

95



Lower Granite

I | daho - -
Dam and Reservoir ! g
. Dwor shak ‘-‘
Washi ngt on ! Reservoir
Y

A
Cl earwat er

“““““ ’ Ri ver
G ande
Ronde Ri ver ‘
\ Sal non

Gregon Ri ver
| maha Beach Sei ni ng
R ver Ar ea
.
Br ownl ee
Dam
A
N
50 0 50 Snake River
Km
| <[ ow

Figure 1. —Fhe Snake River including the riverine habitat
(cross-hatched elipse; rkm 224 to rkm 361) where adult fall
chi nook sal non spawn and their offspring were captured,
tagged, and rel eased to pass downstreamin Lower Ganite
Reservoir (cross-hatched circle; rkm 173 to rkm 224) and past
Lower Granite Dam (rkm 173), 1995 to 2000.
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intended to help recover the Snake River stock of fall chinook
salnon |isted for protection under the Endangered Species Act
(NMFS 1992) by increasing the mgration rate of snolts as they
pass downstreamin inpounded reaches of the Snake River

i ncluding Lower Granite Reservoir (Figure 1). In this chapter
we identify sonme of the factors affecting mgration rate of wld
subyearling fall chinook sal non passi ng downstreamin Lower
Granite Reservoir, and then we estimate the effects of sumer

fl ow augnentati on on downstream nmi gration rate and passage date
at Lower Granite Dam (Figure 1).

Met hods

Data col |l ection.—Pata collected from 1995 to 2000 were
sel ected for our analyses for three reasons. Fall chinook
sal non were captured and tagged throughout nost of the free-
fl ow ng Snake Ri ver where adult fall chinook sal non spawn
(Figure 1), flow varied wi dely anong years, and wi |l d subyearling
fall chi nook sal non conposed approximately 76% of the catch
(Connor et al. 2001a; W P. Connor, unpublished data). The
remai ni ng 24% was conposed of wld spring and sumer chi nook
sal non that dispersed |ong distances fromnatal streanms into the
Snake River where they adopted an ocean-type life history
simlar to fall chinook sal non (Connor et al. 200l1la, 2001b).
For sinmplicity, we refer to all of the wild subyearling chi nook
sal non coll ected as fall chinook sal non.

Fi el d personnel captured fall chinook sal non by using a
beach seine (Connor et al. 1998). Sanpling typically started in
April soon after fry began energing fromthe gravel, and was
conducted 1 d/week at pernmanent stations wi thin each spawni ng
area. Once a mpjority of fish were at least 60 mmfork | ength,
additional stations were sanpled for three consecutive weeks.
Sanpling was discontinued in June or July when the mpjority of
fish had noved into Lower Granite Reservoir or to points further
downst r eam

Passive integrated transponders (PIT) tags (Prentice et al.
1990b) were inserted into parr 60 mmfork | ength and | onger
(Connor et al. 1998). Tagged parr were rel eased at the
collection site after a 15-mn recovery period. Sone of the
Pl T-tagged fish were detected as snolts as they passed
downstreamin the juvenil e bypass system of Lower G anite Dam
(Matthews et al. 1977), which is equipped with PIT-tag nonitors
(Prentice et al. 1990a).
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Vari abl es. ¥he dependent variable for the anal yses was
downstream mgration rate (kmd). Downstreammigration rate was
cal cul ated on a fish-by-fish basis as:

di stance (km traveled to Lower G anite Dam di vi ded by the
nunber of days between rel ease in the Snake River and
detection at the dam

The predictor variables for fitting the ordinary | east-
squares nultiple regressi on nodel were:

rel ease date = day of year (e.g., January 1 = 1) a fish was
initially captured, tagged, and rel eased back into the
Snake River;

fork length = fork length (mm) neasured when each fish
was initially captured, tagged, and rel eased back into the
Snake River;

rel ease tenperature = water tenperature (°C) neasured at the
sanpling station using a hand-held thernoneter when each
fish was initially captured, tagged, and rel eased back into
t he Snake River;

fl ow = nmean stream di scharge (m/s) measured at Lower

Granite Damby U S. Arny Corps of Engi neers personne
bet ween the rel ease and detection date of each fish at
Lower Granite Dam and

riverine distance = distance (kn) traveled in the free-
fl ow ng Snake Ri ver before entering Lower Ganite
Reservoir.

Model sel ection.—n a year-by-year basis, a Pearson
correlation coefficient (r) was calculated to test for
collinearity anong the predictor variables. Predictor variables
that were consistently correlated (r > 0.6; P < 0.05) were not
entered into the sane nmultiple regression nodel.

We | 0ge-transfornmed downstream mgration rate to i nprove
linearity and renedy heteroscedasticity of residuals, and then
we fit year-by-year multiple regression nodels fromevery
conmbi nati on of non-collinear predictor variables. Fit was
conpar ed anong nodel s based on Mallow s Cp scores (D el man
1996), Akaikes information criteria (Al C) (Akai ke 1973), and the
coefficient of determination (R). The final (i.e., best)
regressi on nodel for each year had a Mallow s Cp score simlar
to the number of paraneters, the | owest AlIC value, the highest R
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val ue, and predictor variables with slope coefficients that
differed significantly (t > 2.0; P < 0.05) fromzero. Only the
top three nodels were reported to shorten the results section.

We made year-by-year residual plots for each predictor
variable in the final regression nodel as described for fork
length in the follow ng exanple. Loge-transfornmed downstream
mgration rate was regressed agai nst rel ease tenperature, flow,
and riverine distance. The residuals fromthis regression were
then plotted against fork length. A line was then fit to the
residual s by regressing themagainst fork length. The resulting
residual plots provided a better graphical representation of the
rel ati on between downstream mgration rate and fork | ength
because the variability in downstreamm gration rate
attributable to the other predictor variables had been renoved.

Assessing flow augnentati on. —Fhe effect of summer flow
augnent ati on on downstream m gration rate was assessed annually
from 1995 to 2000. W predicted downstream mgration rate for
each PIT-tagged fall chinook salnon in a given year by inputting
t he observed values of the predictor variables, including flow,
into the final multiple regression nodel for that year. W also
predi cted downstream mgration rate for each PIT-tagged fish by
i nputting the observed val ue of each predictor variable, except
for flow, into the final regression nodel. Flow, in this second
prediction, was nean flow in Lower G anite Reservoir that woul d
have occurred if sumer flow augnentati on had not been
i mpl enented (Appendices 1 and 2). Finally, we calculated two
sets of passage dates at Lower Granite Dam for each fish by using

the predicted dowmnstream m gration rates based on observed fl ows
(i.e., with augnentation) and flows w thout augnentati on.

Resul ts

A total of 6,134 fall chinook sal non were PIT tagged during
the 6 years, of which 2,146 were detected passing Lower Ganite
Dam (Table 1). Downstream m gration rates ranged fromO0.4 to
44.8 kmld (Table 1). The ranges for the predictor variables
were: release date 106 to 192; fork length 60 to 125 mm rel ease
temperature 9.8 to 18.8°C, flow 825 to 5,609 ni/s; and riverine
distance 1 to 141 km (Table 1).
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Tabl e 1. —Sanple sizes (N) and ranges for variables collected
on wild subyearling fall chinook sal non that were detected
passi ng Lower Granite Dam after being PIT tagged and rel eased in
t he Snake River, 1995 to 2000. Abbreviations: Rate = downstream
mgration rate (kmd); Date = rel ease date (day of year); Fl =
rel ease fork length (nm; Degrees = rel ease water tenperature
(°C); Flow = nean flow (n¥/s) in Lower Granite Reservoir between
rel ease and detection at Lower Ganite Dam and Km = riverine
di stance (km) traveled to Lower Ganite Dam

Year N Rat e Dat e Fl Degr ees Fl ow Km
1995 440 0.4-44.8 116-187 60-114 10.8-17.9 1187-3880 2-137
1996 145 0.4-43.8 107-192 60-111 9.8-18.6 893-5150 3-133
1997 119 0.5-21.6 128-191 60-108 11.3-18.4 1354-5158 1-133
1998 553 0.4-28.3 106-181 60-114 9.8-18.8 1265-5609 1-133
1999 560 0.7-35.0 118-189 60-112 10.0-18.1 1397-4872 3-141
2000 329 0.4-19.9 111-179 60-125 11.1-18.3 825-2696 3-133
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M gration Rate Modeling

Rel ease date and flow were consistently correl ated (range
for r = 0.60 to 0.82; all P values < 0.0001). Therefore, these
two variables were not entered into the sanme nodel. For al
years, Mallow s Cp scores, AlC values, and coefficients of
determ nation were best for nodels fit fromfork |ength, release
tenperature, flow, and riverine distance (Table 2). The
regression coefficients for each of these predictor variabl es
(Table 3) differed significantly fromzero (t > 2.0; P < 0.05).
For the 6 years, 62.2 to 85.9% of the variability observed in
downstream m gration rate was accounted by these four predictor
variables (Table 3). Al nodel P values were < 0.0001 (Table
3).

Loge-transforned downstream nmigration rate generally
i ncreased as each predictor variable increased as shown by the
positive regression coefficients (Table 3). The slopes in the
residual plots (Figures 2-7) also show that downstream m gration
rate increased with increases in fork |length, rel ease
tenperature, flow, and riverine distance.

Assessi ng Fl ow Augnent ati on

During the years 1995 to 2000, from62.9 to 90.0% of the
Pl T-t agged fall chinook sal non passed Lower G anite Dam when
sumer fl ow augnentation was being i nplenented (Table 4). On
average, the nmean flow experienced by fish that were exposed to
summer flow augmentation increased by 110 to 167 nf/s or 3.9 to
6. 7% (Tabl e 4).

Sumer flow augnentation increased annual nmean downstream
mgration rate an average of 0.1 to 0.2 kmd based on
predi ctions made for each fish regardl ess of its exposure
hi story (Table 5). Predicted downstream mgration rates for
fish that were exposed to sunmer flow augnentation increased a
maxi mumof 0.6 to 1.5 km'd (upper ranges in nean difference
colum of Table 5).

The average fish (regardl ess of exposure history) would
have taken from1l to 5 extra days to pass Lower Granite Damif
sumer fl ow augnment ati on had not been inpl enented based on
predi cted downstream mgration rates (Table 5). Cal cul ated
passage dates at Lower Granite Dam for fish that were exposed to
sumer flow augnmentation were a nmaxi numof 14 to 49 d earlier
with than wi thout summer flow augnentation (upper ranges in nean
di fference colum of Table 5).
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Table 2. —Mallow s Cp scores, Akaikes information criteria
(AIC), and coefficients of determnation (R’ used to conpare the
fit of year-by-year regression nodels describing the downstream
mgration rate of wild subyearling fall chinook sal non, 1995 to
2000. Abbreviations: FI = release fork length (nm); Degrees =
rel ease water tenperature (°C); Flow = mean flow (nf/s) in Lower
Granite Reservoir between rel ease and detection at Lower Ganite
Dam and Km = riverine distance (km traveled to Lower Ganite
Dam

Year  C(p) Al C R? Vari abl es i n nodel
1995 5 -1127 0. 859 FI, Degrees, Flow, Km
37 -1095 0. 847 FI, Flow, Km

265 -922 0.773 FI , Degrees, Flow
1996 5 -223 0. 621 FI , Degrees, Flow, Km
14 -213 0. 589 FI, Flow, Km
40 -191 0. 516 FI, Km
1997 5 - 242 0.761 FI, Degrees, Flow, Km
12 -234 0.741 FI, Flow, Km
13 -233 0.738 FI , Degrees, Flow
1998 5 -1282 0.723 FI, Degrees, Flow, Km
25 -1262 0.712 FI, Flow, Km
5 -1169 0. 660 Date, Fl, Degrees, Km
1999 5 -1363 0. 841 FI, Degrees, Flow, Km
88 -1285 0. 817 FI, Flow, Km
181 -1209 0. 790 FI , Degrees, Flow
2000 5 -785 0.843 FI , Degrees, Flow, Km
10 - 780 0. 839 FI, Flow, Km
5 -575 0.701 Date, Fl, Degrees, Km
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downstreamto Lower Granite Dam 1995 to 2000.

De

Tabl e 3. —Year-by-year ordinary | east-squares multiple
regression nodels for describing the factors affecting mgration
rate of PIT-tagged wild subyearling fal

interc
grees

ept; FI

= coefficient for rel ease water tenperature (°C);

chi nook sal non passi ng
Abbrevi ations: B,
= coefficient for release fork length (mm;

Fl ow =

coefficient for nmean flow (n¥/s) in Lower Granite Reservoir
bet ween rel ease and detection at Lower G anite Dam and Km =

coefficient

riverine distance (kn) traveled to Lower Ganite

Dam
Regression coefficients
Bo FI Degrees Fl ow Km N Model P R?

1995

- 3. 80528 0.01958 0.05498 0.00078 0.00595 440 < 0.0001 O0.859
1996

-3.79113 0. 02437 0.09468 0.00032 0.01026 145 < 0.0001 0.622
1997

-4.45163 0.03170 0.08540 0.00044 0.00422 119 < 0.0001 0.761
1998

-3.19981 0.02501 0.06050 0.00031 0.00713 553 < 0.0001 O0.723
1999

-4.20790 0.02432 0.10308 0.00059 0.00526 560 < 0.0001 O0.841
2000

-4.06468 0.02910 0.02875 0.00107 0.00771 329 < 0.0001 O.843
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predi ctor variables except the one on the X axis. The line in

each plot was predicted by regressing the residual s agai nst
the predictor variable on the X axis.

104



Resi dual s Resi dual s Resi dual s

Resi dual s

50 60 70 80 90 100 110 120
Fork |l ength (nm
1.0
O. 5_ og&)%g 8 80 o O O
O :
_0_5— O?? 08 OZO%%O 5 o)
-1.0 —

1.0

9 10 1112 13 14 15 16 17 18 19 20
Rel ease tenperature ( 9C

0. 51

Fl ow (1,000 nB8/5s)

O 1.0 2.0 3.0 4.0 5.0 6.

O
O
2 O
O

0O 20 40 60 80 100 120 140

Fi gure 3. —Residua

1996 fi nal

regressi on nodel .
| east -squares nultiple regression nodels fit from al
predi ctor variabl es except the one on the X axis.

Ri verine di stance (kn

plots for each predictor variable in the

Resi dual s are from ordinary

t he
The line in

each plot was predicted by regressing the residual s agai nst
the predictor variable on the X axis.

105



Resi dual s
o

50 60 70 80 90 100 110 120

Fork length (m

Resi dual s

5 T T T T T T T T
10 11 12 13 14 15 16 17 18 19

Rel ease tenperature (

Resi dual s

.0 2.0

3.0 4.0 50 6.0
Fl ow (1, 000 nB/s)

Resi dual s

o0 00g

Fi gure 4. —Residua
1997 fi nal

regressi on nodel .
| east-squares nmultiple regression nodels fit from al
predi ctor variables except the one on the X axis.

0 20 40 60 80 100 120 140

Ri verine di stance (km

plots for each predictor variable in the

Resi dual s are fromordinary

t he
The line in

each plot was predicted by regressing the residual s agai nst
the predictor variable on the X axis.

106



3.0
(72}
©
>
©
‘0
V4
'2.0 T T T U t t
50 60 70 80 90 100 110 120
Fork length (nm
3.0
n 20_ OO o o
C_U o © 00800 OO o
_g 1.0_ @og O
— 8o ©
0 — ] o
g 0 ToeEgE o
[¢] OO 80
'10 T T T T T T T T T T
9 1011121314 151617 18 19 20
Rel ease tenperature ( 9O
4.0
3.
2 2.
S
3 1.
‘0
V4
1.0 2.0 3.0 4.0 5.0 6.0
2 Fl ow (1,000 nB/s)
o 0080
(72}
T g8, g8
a2 - 868
.g 5
a4
'1.5 T T T t t t
0O 20 40 60 80 100 120 140

Fi gure 5. —Resi dua
1998 fi nal

regressi on nodel .
| east-squares multiple regression nodels fit from al
predi ctor variabl es except the one on the X axis.

Ri verine di stance (km

plots for each predictor variable in the

Resi dual s are from ordi nary

t he
The line in

each plot was predicted by regressing the residual s agai nst
the predictor variable on the X axis.

107



Resi dual s

5 : : 1 : 1 .
50 60 70 80 90 100 110 120
Fork length (mm
1.5
2}
©
>
©
‘0
¢ :
'1. 5 T T T T T T T T y
9 10 11 12 13 14 15 16 17 18 19
3.0 Rel ease tenperature (90
(2}
©
>
©
‘»
¢
1.0 2.0 3.0 4. 5.0 6.0
5 Fl ow (1, 000 n8/s)
. :
® 5 %&
S 2 g2
S 2 GEEE
2
-1.04.7
- 1.

0 20 40 60 80 100 120 140 160
Ri verine distance (km
Figure 6. —Residual plots for each predictor variable in the
1999 final regression nodel. Residuals are fromordinary
| east-squares multiple regression nodels fit fromall the
predi ctor variables except the one on the X axis. The line in

each plot was predicted by regressing the residuals against
the predictor variable on the X axis.

108



Resi dual s

50 60 70 80 90 100 110120 130
Fork length (rmm

2.0
1.
2 1.
g 0.
o
2
4 .
'1.0 T T T T T T T T
10 11 12 13 14 15 16 17 18 19
2.0 Rel ease tenperature ( “O)
1.
1.
b 0.
<
5
o
2
m .
20510 15 20 235 3.0
1 Fl ow (1, 000 nB/s)
[7p]
S 2 iE
o o o°°
2
Y .
-1.

5 ; ; ; ; ; ;
0O 20 40 60 80 100 120 140
Ri verine distance (km

Figure 7. —Residual plots for each predictor variable in the

2000 final regression nodel. Residuals are fromordinary

| east-squares nultiple regression nodels fit fromall the
predi ctor variables except the one on the X axis. The line in
each plot was predicted by regressing the residual s agai nst
the predictor variable on the X axis.

109



Tabl e 4. Fhe percentage of PIT-tagged wild subyearling fall
chi nook sal non that passed Lower Granite Dam while sumrer flow
augnent ati on was bei ng i npl emented (Percentage exposed), and the
mean flows (n¥/s; range in parentheses) that these fish
experienced (Wth) conpared to those that woul d have occurred if
sumer fl ow augnmentati on had not been inplenented (Wthout),
1995 to 2000. Also shown are the differences (nm/s and % with
and wi thout flow augnentati on.

~__Mean Flow Di fference

Per cent age
Year N exposed Wth W t hout m/s %
1995 440 90.0 2,393 2,282 111 4.6

(1,187-3,230) (905-3, 227)

1996 145 85.5 2,676 2, 540 136 5.1
(893- 4, 153) (668- 4, 152)

1997 119  78.2 3, 127 2,982 145 4.6
(1,354-4,672) (911-4, 669)

1998 553  81.0 2,810 2,700 110 3.9
(1, 265- 3, 646) (919- 3, 645)

1999 560  66.1 2,597 2, 430 167 6.4
(1,397-3924) (921-3, 921)

2000 329  62.9 1, 607 1, 500 107 6.7
(825-2,056)  (516-2, 054)
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Tabl e 5. —-Mean predicted mgration rates (kmd; range in
par ent heses), and nean cal cul ated passage dates at Lower Ganite
Dam (day of year; range in parentheses) for every PIT-tagged
wi | d subyearling fall chinook sal non detected at Lower G anite
Dam from 1995 to 2000. Abbreviations: Wth = observed nean fl ow
conditions; Wthout = nmean flow recal cul ated after reducing
daily flows by the volune of water released for sumer flow
augnent ati on.

Mean Mean
mgration rate passage date
Mean Mean
Wth Wthout difference Wth Wthout difference
1995
2.9 2.7 0.1% 208 213 6°
(0.5-13.5) (0.4-13.5) (0-0.6) (154-337) (154-5% (0-39)
1996
2.2 2.1 0.1 199 201 2
(0.7-9.1) (0.6-9.1) (0-0.5) (155-256) (155-267) (0-14)
1997
3.4 3.3 0. 17 194 197 2¢
(0.6-14.5) (0.6-14.5) (0-0.7) (158-273) (158-291) (0-18)
1998
2.9 2.8 0.1 191 192 1€
(0.7-8.9) (0.7-8.9) (0-0.6) (157-259) (157-259) (0-14)
1999
4.7 4.5 0.1% 194 197 3
(1.0-19.7) (0.8-19.7) (0-1.1) (153-269) (153-278) (0-26)
2000
3.1 3.0 0.1 190 195 5

(0.6-17.4) (0.4-17.4) (0-1.5) (139-285) (139-322) (O0-49)

A Mean differences were cal cul ated by averaging the observed
di fferences for individual fish, not by subtracting the nean
mgration rate without flow augnentation fromthat with flow
augnent ati on.

B5 January, 1996

€ Mean differences were cal cul ated by averagi ng the observed
di fferences for individual fish, not by subtracting the nean
passage date with fl ow augnentation fromthat w thout flow
augnent ati on.
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Di scussi on

Prior to becoming mgratory, young Pacific sal non carry out
activities that Hoar (1958) grouped into a small nunber of
sinple fixed behaviors. Downstreamm gration is a much |ess
rigid behavior, and it is dependent upon the intensity and
interaction of several directive factors (Hoar 1958).
Hereafter, we broadly group these directive factors as being
time based or environnental ly based.

Rel ease date is largely a tine-based variable that has been
used to index the progression of physiological processes (e.g.,
Berggren and Filardo 1993; Gorgi et al. 1997). It has also
been used as a surrogate for flowto forecast snolt passage at
Lower Granite Dam (Connor et al. 2000) because spring runoff
general ly declines throughout the |ate spring and early sunmer
when fall chinook sal nron are captured, tagged, and rel eased.

Fl ow and rel ease date were highly correlated, thus we did not
enter theminto the sanme regression nodel. Only 2 of the top 18
regression nodels included rel ease date as a predictor variabl e,
and these two nodels were relatively poor predictors of
downstream m gration rate conpared to those that included flow.
These were inportant results because they strongly suggest that
the flow fish experience as they mgrate seaward has a greater

i nfluence than rel ease date on downstream mi gration rate.

Fork length is a tinme-based variable that acts as a surrogate
for level of snmoltification (Berggren and Filardo 1993; G orgi
et al. 1997). In addition to becom ng snolts at a critical size
(e.g., Folmar and Di ckhoff 1980; Wedeneyer et al. 1980), two
ot her processes may have caused |larger fall chinook salnon to
m grate downstream faster than those that were smaller. Fal
chi nook sal nron may have noved into faster deeper water as they
grew (e.g., Chapman and Bjornn 1969; Lister and Genoe 1970;
Everest and Chapman 1972), and they nay have becone nore buoyant
as they grew and becane snolts (e.g., Wedeneyer 1996).

Rel ease water tenperature is an environnental variable that
m ght stinulate fall chinook salmon to nove of fshore and
downstream (Curet 1994; chapter four in this report).
Keenl eysi de and Hoar (1954) studied juvenile chum O keta, and
coho O Kkisutch in experinental troughs, and they found that
fish switched fromsw mm ng upstreamto downstream as
tenperature increased. Appetitive behavior (Hoar 1958) would
hel p explain the switch to active downstream novenent that Curet
(1994), Keenl eyside and Hoar (1954), and we observed. Fal
chi nook sal non rel eased at warnmer tenperatures nay have m grated
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downstream faster than those rel eased at cool er tenperatures
because they were searching for nore confortable rearing
condi ti ons.

Flow is an environnental |l y-based variable. Raynond (1968,
1979) was one of the first to focus on the relation
bet ween fl ow and downstream m gration rate of chinook sal non
snolts in the Snake River, and he concluded that downstream
mgration rate increased with flow The variable flowis
cal cul ated by averaging daily streamdi scharge val ues. Stream
di scharge is the multiplicative product of nean water velocity,
dept h, and channel width. Therefore, stream discharge (hence
flow) typically increases directly with water velocity. Fal
chi nook sal non that m grated seaward during periods of high flow
may have m grated downstream faster than those rel eased during
| oner flows because water velocity increased as flow increased.

Ri verine distance is an environnental |l y-based vari abl e t hat
provi ded a second surrogate for water velocity. Water velocity
in the Snake River is higher than in Lower Ganite Reservoir (U
S. Arny Corps of Engineers, unpublished data). Downstream
mgration rate may have increased with riverine distance
travel ed because fall chinook sal non rel eased at upstream
| ocati ons passed through |long stretches of free-flowing river
wi th high water velocities.

Thus far, we have di scussed how single variables may have
i nfluenced downstream m gration rate. All six year-by-year
regression nodels presented in this paper, however, included
both ti ne-based and environnental | y-based variabl es. These
results are consistent with the hypothesis that downstream
mgration rate is a nultivariate process influenced
si mul t aneousl y by physi ol ogy, behavior, water tenperature, and
wat er velocity (Hoar 1958; Berggren and Filardo 1993). Based on
these results, we conclude that mgration rate will increase as
fl ow i ncreases provided that the physiol ogical prerequisites for
seaward mgration are net, and fall chinook sal non are
behavi oral |y di sposed to nove downstream

Managenent | nplications

The results in this paper suggest that sumrer flow
augnent ati on provi des nodest increases (nean differences 0.1 to
0.2 knid) in mgration rate of fall chinook sal non passing
downstreamin Lower Ganite Reservoir. The increases in
downstream m gration rate, although small, translate to the
average fish passing Lower Ganite Damfrom1l to 5 d earlier
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than without the aide of sumrer flow augnentation. The
managenent inplications of these findings can be interpreted two
di fferent ways depending on the reader’s view on fl ow
augrment ati on as a recovery tool.

Resour ce nmanagers that believe the water used for sumrer flow
augnent ati on should be allocated for other fishery and econom c
pur poses nmight conclude that correlation between fl ow and
downstream m gration rate does not prove causation, and that our
assessnent of flow augnentati on does not provide conpelling
evi dence for successful mtigation. Advocates of sumrer flow
augnentati on m ght conclude that any increase in mgration rate
caused by sunmmer flow augnentation is beneficial to popul ation
recovery, and that the results in this paper provide a basis for
i ncreasing the volune of water available for sumer flow
augnent at i on.

In our view, there is a need for a better understandi ng of
the relation between flow and | ocal water velocities where fal
chinook salnon mgrate in the Snake R ver and Lower Ganite
Reservoir, and on the response of snolts to changes in water
velocity as they get closer to Lower Granite Dam The exi stence
of low water velocities in the forebay of Lower G anite Dam
m ght disorient snolts and cause passage del ays that are
i ndependent of flow (e.g., Venditti et al. 2000). The process
by which fall chinook salnon |ocate fish bypass routes at dans
may al so be a chance event. The existence of these two
phenonena in dam forebays woul d mask the true rel ati on between
downstream m gration rate and fl ow.

It is also inportant to recognize that neasurable differences
in downstream mgration rate are not the nost inportant benefit
of sunmmer flow augnentation. Sone of the water rel eased for
summer fl ow augnment ati on decreases and noderates tenperature in
Lower Granite Reservoir, which may in turn prevent growh
reduction, inpairnment of snoltification, predation, and
thermally induced nortality (Marine 1997; Connor et al. 1998).
To truly understand the efficacy of sumer flow augnentati on,
predictive nodels are needed to estimte the percentage of fal
chi nook sal non that survive to pass Lower G anite Dam where the
majority of surviving snolts are collected and transported
downstream (e.g., Ward et al. 1997).
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Appendi x 1. —Mean daily flows (nf/s) in Lower Granite
Reservoir with and without sumrer flow augnentation, 1995 to

1997.
1995 1996 1997
Dat e
Wth Wthout Wth Wthout Wth W t hout

01-Jul 2359 2280 2062 2050 2846 2761
02- Jul 2271 2192 2345 2090 3036 2951
03- Jul 2147 2067 2588 2481 2699 2614
04- Jul 2628 2549 2317 2342 2546 2390
05- Jul 2322 2243 2271 2186 2433 2266
06- Jul 2101 2022 2212 2090 2322 2121
07-Jul 1999 1920 1948 1948 2087 1909
08- Jul 1974 1895 1722 1532 1999 1844
09- Jul 1923 1844 1759 1597 1931 1725
10- Jul 1991 1912 1521 1464 2065 1818
11- Jul 1917 1838 1422 1277 1963 1770
12- Jul 1954 1875 1504 1269 1634 1492
13- Jul 1889 1810 1478 1212 1606 1464
14- Jul 1866 1787 1441 1314 1532 1362
15- Jul 1609 1529 1354 1022 1770 1464
16- Jul 1543 1464 1566 1008 1829 1260
17- Jul 1453 1226 1538 1028 1821 1229
18- Jul 1560 1272 1436 1020 1807 1212
19- Jul 1473 1178 1374 1003 1815 1218
20- Jul 1410 1059 1272 918 1940 1340
21-Jul 1391 966 1260 903 1764 1150
22-Jul 1402 977 1189 804 1778 1161
23-Jul 1277 852 1218 807 1776 1150
24- Jul 1306 878 1172 756 1733 1099
25-Jul 1419 994 1195 719 1742 1104
26- Jul 1436 1014 1141 615 1660 1017
27-Jul 1419 994 1113 612 1637 991
28-Jul 1337 903 1147 620 1736 1087
29- Jul 1422 991 1045 572 1662 1011
30- Jul 1300 869 1102 668 1640 988
31-Jul 1320 898 1034 586 1682 1034
01- Aug 1303 847 1062 600 1589 835
02- Aug 1314 847 1099 640 1594 838
03- Aug 1246 776 1070 617 1626 858
04- Aug 1263 793 1037 592 1580 833
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Appendi x 1. —Conti nued)

05- Aug 1255 784 1022 572 1492 756
06- Aug 1170 697 1028 592 1526 790
07- Aug 1218 745 1005 530 1535 804
08- Aug 1184 716 994 552 1467 745
09- Aug 1164 694 943 484 1464 739
10- Aug 1184 711 969 561 1487 762
11- Aug 940 467 997 564 1391 663
12- Aug 986 513 937 490 1470 742
13- Aug 940 467 957 532 1430 702
14- Aug 963 487 906 413 1467 742
15- Aug 986 496 1102 524 1388 671
16- Aug 949 464 1209 527 1289 739
17- Aug 1000 518 1150 464 1229 677
18- Aug 1039 561 1155 464 1212 660
19- Aug 1056 572 1167 510 1192 637
20- Aug 983 496 1099 459 1136 578
21- Aug 954 464 1087 459 1238 683
22- Aug 983 490 1104 484 1155 600
23- Aug 957 467 1133 507 1170 615
24- Aug 988 496 1068 471 1204 663
25- Aug 1003 513 1048 450 1209 671
26- Aug 946 456 1039 419 1221 671
27- Aug 949 459 1110 473 1161 685
28- Aug 875 382 1087 484 980 671
29- Aug 1005 513 1124 459 935 719
30- Aug 915 422 1167 411 841 626

31- Aug 969 473 1243 586 835 620
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Appendi x 2. —Mean daily flows (nf/s) in Lower Granite Reservoir
with and without summer flow augnmentation, 1998 to 2000.

1998 1999 2000
Dat e
Wth Wthout Wth Wthout Wth W t hout

01- Jul 2195 2138 2336 2243 1020 892
02- Jul 2212 2127 2212 2050 952 790
03- Jul 2251 2130 1931 1863 1014 835
04- Jul 2419 2283 1832 1702 977 816
05- Jul 2274 2116 1699 1594 1020 677
06- Jul 2065 1957 1685 1546 1090 773
07-Jul 1960 1844 1563 1427 1121 793
08- Jul 1827 1592 1546 1385 1059 552
09- Jul 1801 1515 1648 1458 1246 753
10- Jul 1778 1436 1563 1357 1198 583
11-Jul 1866 1385 1509 1269 1204 612
12- Jul 1892 1504 1532 1294 1274 572
13- Jul 1745 1087 1447 1136 1280 600
14- Jul 1812 1198 1529 1184 1229 513
15- Jul 1759 1164 1507 1172 1184 561
16- Jul 1651 1073 1507 1212 1161 501
17-Jul 1583 971 1475 1136 1187 507
18- Jul 1555 830 1541 1238 1087 524
19- Jul 1549 844 1501 991 1073 470
20- Jul 1577 881 1546 988 1099 504
21-Jul 1521 739 1456 954 1096 490
22-Jul 1535 719 1453 912 1028 450
23- Jul 1549 714 1456 895 1028 541
24- Jul 1512 688 1376 847 1005 382
25-Jul 1481 685 1354 824 1051 399
26- Jul 1444 646 1345 787 1076 467
27-Jul 1521 657 1314 762 1042 416
28- Jul 1529 762 1308 824 1031 515
29- Jul 1410 615 1257 685 860 436
30- Jul 1453 666 1263 671 643 530
30- Jul 1453 666 1263 671 643 530
31- Jul 1439 649 1368 634 855 453
01- Aug 1450 830 1357 617 833 408
02- Aug 954 765 1382 632 864 428

03- Aug 963 612 1323 615 784 402
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Appendi x 2—Cont i nued)

04- Aug 1283 705 1303 702 748 337
05- Aug 1167 586 1266 660 833 413
06- Aug 1201 634 1175 615 776 360
07- Aug 1065 592 1181 640 759 351
08- Aug 1107 671 1198 753 745 354
09- Aug 943 436 1116 555 733 326
10- Aug 1065 510 1141 671 813 362
11- Aug 1045 484 1054 600 813 377
12- Aug 1104 524 1028 547 733 280
13- Aug 1136 552 1164 694 787 368
14- Aug 1087 496 1028 697 773 362
15- Aug 1028 496 1090 702 750 297
16- Aug 960 524 1073 657 753 261
17- Aug 827 396 1170 711 799 365
18- Aug 954 445 1022 595 767 252
19- Aug 974 413 1025 578 858 408
20- Aug 1065 566 1070 544 787 354
21- Aug 932 521 1051 637 787 391
22- Aug 787 487 906 538 649 329
23- Aug 716 498 898 462 677 365
24- Aug 719 490 997 569 691 354
25- Aug 688 487 892 487 671 331
26- Aug 683 552 960 569 685 428
27- Aug 575 462 901 467 583 360
28- Aug 617 402 912 583 677 354
29- Aug 697 544 827 527 566 362
30- Aug 592 541 810 552 513 346

31- Aug 507 334 782 476 518 368
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Abstract. —Summer flow augnentation is inplenmented annually to
mtigate for the devel opment of the hydropower systemin the
Snake River basin by increasing the survival of wld subyearling
fall chinook sal nron Oncor hynchus tshawtscha. However, the

ef fi cacy of sunmer flow augnentation has been disputed. W
studi ed sone of the factors affecting survival of wld
subyearling fall chinook salnon fromrelease in the free-fl ow ng
Snake River to the tailrace of the first dam encountered by
snmolts en route to the sea. W then assessed the effects of
sumer flow augnentation on survival to the tailrace of this
dam We tagged and released a total of 5,030 wild juvenile fal
chi nook salnon in the free-flowi ng Snake River from 1998 to
2000. We separated these tagged fish into four sequenti al

wi t hi n-year rel ease groups terned cohorts (N = 12). Surviva
probability estimates to the tailrace of the damfor the 12
cohorts when sumer flow augnmentation was inpl enented ranged
from35.7+4.3%to 87.7+4.6% W fit an ordinary |east-squares
mul ti ple regression nodel fromindices of flow and tenperature

t hat explained 92.3% (N = 12; P < 0.0001) of the observed
variability in cohort survival. Survival generally increased
with flow and decreased with tenperature. W used the regression
nodel to predict cohort survival for flow and tenperature

condi tions observed when sunmer flow augnentation was

i npl emented, and for the flow and tenperature conditions that

m ght have occurred if sumrer flow augnentation had not been

i npl enented. Survival of all 12 cohorts was predicted to be

hi gher when fl ow was augnented, than when flow was not augnented,
because summer fl ow augnentation increased the flow | evels and
decreased the tenperatures snolts were exposed to during seaward
m gration. W conclude that sunmer flow augnentation increases
the survival of fall chinook sal non snolts.
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| nt roducti on

Survival of chinook salnon snolts during seaward m gration
is affected by biotic factors, which in turn are controlled by
t he physical environnment. Researchers have proposed that stream
fl ow and tenperature act together to influence survival of
chi nook sal mon snolts (Kjelson et al. 1982; Kjelson and Brandes
1989; Connor et al. 1998). Dans have altered the flow and water
tenperature reginmes of rivers in the western U. S., thereby
contributing to declines in abundance of many stocks of chinook
sal non by reducing snmolt survival (e.g., Raynond 1988; Yoshiyana
et al. 1998).

Raynmond (1979) was the first to estimate survival for
yearling Snake River spring and summer chinook sal non snolts, and
torelate a decline in survival over years to dam construction
From 1966 to 1968, Raynond (1979) estimated that survival from
the Sal non River to Ice Harbor Dam (Figure 1) for yearling spring
and sumrer chi nook sal mon snolts ranged from85 to 95% Bet ween
1970 and 1975 Lower Monunental and Little Goose dans (Figure 1)
were conpl eted and snolt survival estimates to |ce Harbor Dam
decreased to a range of 10 to 50% (Raynond 1979). Raynond (1979)
concl uded that during high flow years |ethal |evels of dissolved
gases killed yearling spring and sumer chi nook sal non snolts,
whereas in low flow years nortality resulted from!|ow reservoir
wat er velocities, delayed reservoir passage, predation, and
passage via dam power houses.

W d subyearling chinook sal non that pass downstreamin the
| oner Snake River reservoirs from My to August include spring,
sumer and fall-run juveniles that are listed for protection
under the Endangered Species Act (NWMFS 1992). WId fall chinook
typically conprise the mpgjority of the subyearling snolts that
pass downstream during sumrer in the | ower Snake River (Connor et
al. 2001la). The mnority is conposed of wild spring and sunmer
chi nook that disperse |ong distances fromnatal streanms into the
Snake River where they adopt an ocean-type life history simlar
to fall chinook sal non (Connor et al. 200l1a, 2001b). For
sinplicity, we refer to all of the wild subyearling chinook
sal non that inhabit the shorelines of the Snake River as fal
chi nook sal non.

Dam construction changed juvenile fall chinook salnmon life
history in the Snake River basin by elimnating production in
the relatively warnmer water of the historical spawning area,
thereby restricting spawning to | ess productive cool er reaches
of river (Chapter Four in this report). This hel ps explain why
present-day snmolts migrate seaward during summer in contrast to
their pre-dam counterparts that mgrated seaward in | ate spring
(Chapter Four in this report). Sunmmer flow augnentation is
intended to help recover the Snake River stock of fall chinook
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sal non by mtigating dam caused changes in life history timng
(NVFS 1995).

Summer flow augnentation is nmade up of rel eases of water
from Dwor shak Reservoir and reservoirs upstream of Brownl ee Dam
(NMFS 1995; Connor et al. 1998; Figure 1). These rel eases
i ncrease flow and decrease water tenperature in Lower Ganite
Reservoir (Connor et al. 1998; Figure 1). Summer flow
augnentation increases the mgration rate of fall chinook sal non
passi ng downstreamin Lower Ganite Reservoir, and reduces the
tinme snolts take to pass Lower Granite Dam (Figure 1) by an
average of 1 to 5 d (Chapter Cve in this report).

Connor et al. (1998) concluded that sumrer flow augnentation
al so increases fall chinook sal non survival to Lower G anite Dam
and recomrended that future studies should include sequenti al
w t hin-year rel eases of tagged fish and survival estimation using
a mark-recapture approach. In this chapter, we estinmate surviva
fromrelease in the free-flowi ng Snake River to the tailrace of
Lower Granite Damusing a mark-recapture approach. W identify
sone of the factors affecting survival, and then we assess the
effect of summer flow augnentation on survival.

Met hods

Data col |l ection. Y anal yzed data collected on fall chinook
salnon from 1998 to 2000. Data for these years were sel ected
because sanple sizes of tagged fall chinook sal non were | arge,
and tagged fish were not handl ed as they passed Lower G anite
Dam Field personnel captured fall chinook sal non by using a
beach seine (Connor et al. 1998). Sanpling typically started in
April soon after fry began energing fromthe gravel, and was
conducted 1 d per week at permanent stations within each
spawni ng area. Once a ngjority of fish were at |least 60 mm fork
| ength, additional stations were sanpled for three consecutive
weeks. Sanpling was discontinued in June or July when the
majority of fish had noved into Lower G anite Reservoir or to
poi nts further downstream

Passive integrated transponders (PIT) tags (Prentice et al.

1990b) were inserted into parr 60 mmfork | ength and | onger
(Connor et al. 1998). Tagged parr were rel eased at the
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collection site after a 15-mn recovery period. Sone of the

PI T-tagged fish were detected as snolts as they passed
downstreamin the juvenil e bypass system of Lower G anite Dam
(Matthews et al. 1977), which is equipped with PIT-tag nonitors
(Prentice et al. 1990a).

After detection at Lower Granite Dam the PIT-tagged snolts
were routed through flumes back to the river. Snolts then had to
pass seven nore dans (Figure 1) to reach the Pacific Ccean
Little Goose, Lower Monunental, MNary, John Day, and Bonneville
dans (Figure 1) were al so equi pped with nonitoring systens that
recorded the passage of PIT-tagged snolts that used the bypass
systens, and then routed the bypassed fish back to the river.

Cohort survival.—Jhe first step in the analysis was to
di vide the annual sanples of PIT-tagged fall chinook salnon into
four sequential w thin-year release groups referred to as
“cohorts.” W divided the annual sanples into cohorts based on
estimated fry energence dates. W estimated fry energence date
for each fish in tw steps. First, the nunber of days since
each PIT-tagged fish energed fromthe gravel was cal cul ated by
subtracting 36 mMmmfromits fork length nmeasured at initial
capture, and then dividing by the daily growh rate observed for
recaptured PIT-tagged fish (range 0.9 to 1.3 mmid; W P. Connor
unpubl i shed data). The 36-mmfork length for newy energent fry
was the nmean of the observed mninmumfork | engths. Second,
energence date was estimated for each fish by subtracting the
estimated nunber of days since energence fromits date of initial
capture, tagging, and release. W sorted the data in ascending
order by estimated fry enmergence date, and then divided it into
four cohorts of approximately equal nunbers of fish.

The single rel ease-recapture nodel (Cormack 1964; Skal ski et
al. 1998) was used to estimate survival probability to the
tailrace of Lower Granite Dam for each cohort. W insured that
the single rel ease-recapture nodel fit the data by using three
assunption tests described by Burnhamet al. (1987) and Skal sk
et al. (1998).

Vari abl es. —€ohort survival was the dependent variable for
the analysis. Variables for fitting the ordinary | east-squares
mul ti pl e regression nodel for predicting cohort survival were
selected fromthe literature (Connor et al. 1998, 2000). The
predi ctor variabl es were:

rel ease date = nedi an day of year fish fromeach cohort were
captured, tagged, and rel eased.

fork length = nean fork length (m) at capture, tagging,

and release for the fish of each cohort;

flow = a flow (m/s) exposure index calcul ated as the nean
fl ow neasured at Lower Granite Damby U S. Arny Corps of
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Engi neers personnel during the period when the majority of
snolts from each cohort passed the dam and,

tenperature = a water tenperature (°C) exposure index

cal cul ated as the nmean tenperature neasured in the tailrace
of Lower Granite Damby U S. Arny Corps of Engineers
personnel during the period when the majority of snolts from
each cohort passed the dam

To determ ne when the “mgjority” of snolts passed Lower
Granite Dam the PIT-tag detection data were used to calculate a
passage date distribution for each cohort including mld outliers
as described by Ot (1993; Figure 2). Al but the mld outliers
were considered to be in the magjority. For exanple, the nean
fl ow exposure index cal cul ated based on the passage date
distribution in Figure 2 would be the average of the nean daily
flows neasured in the tailrace of Lower G anite Dam between 6/ 17
and 8/16.

Model sel ection.—W cal cul ated a Pearson correl ation
coefficient (r) to test for collinearity anmong the predictor
vari ables. Predictor variables that were correlated (r > 0.6; P
< 0.05) were not entered into the sanme nodel.

W fit nmultiple regression nodels fromevery conbi nation of
non-col |l i near predictor variables. W conpared fit anong nodel s
based on Mallow s Cp scores (Di el man 1996), Akai kes information
criteria (Al C) (Akai ke 1973), and the coefficient of
determ nation (R?). The final (i.e., best) regression nodel for
each year had a Mallow s Cp score simlar to the nunber of
parameters, the |owest AlC value, the highest R’ value, and
predi ctor variables with slope coefficients that differed
significantly (t > 2.0; P < 0.05) fromzero. Only the top three
nodel s were reported to shorten the results section.

We made residual plots for each predictor variable in the
final regression nodel as described for flowin the follow ng
exanple. Estimted survival was regressed agai nst tenperature.
The residuals fromthis regression were then plotted agai nst
flow A line was then fit to the residuals by regressing them
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against flow. The resulting residual plots provided a better
graphi cal representation of the relation between survival and
fl ow because the variability in survival attributable to

t enperature had been renoved.

Assessi ng sunmer fl ow augnentation. Y assessed the effect
of sunmer flow augnmentation on cohort survival to the tailrace of
Lower Granite Dam by conparing two predictions. First, we
predi cted cohort survival to the tailrace of Lower G anite Dam by
i nputting the observed nean flow and water tenperature exposure
i ndi ces for each cohort into the final regression nodel. Cohort
survival was then predicted a second tinme by inputting nmean fl ow
and water tenperature exposure indices into the final regression
nodel that were recalculated to renove effects of summer flow
augnent ati on.

The fl ow exposure i ndex was recal cul ated after subtracting
the daily volume of water rel eased for summer flow augnentation
(Appendi x 1). The water tenperature exposure index was
recal cul ated using tenperatures that were sinulated for the
tailrace of Lower G anite Damunder the flow conditions that
woul d have occurred if summer flow augnentation had not been
i npl enented (Appendi x 2). Water tenperatures were sinulated
usi ng a one-di nensi onal heat budget nodel devel oped for the Snake
River by the U S. Environnental Protection Agency (Yearsley et
al . 2001). Past nodel validation showed that daily nmean water
tenperatures sinmulated for July and August were within an average
of 1.1°C of those observed (Yearsley et al. 2001).

Resul ts

During the 3 years, 5,030 fall chinook sal non were
captured, PIT tagged, and rel eased along the free-fl owi ng Snake
Ri ver. Annual sanple sizes of PIT-tagged fall chinook sal non
were 2,060 in 1998, 1,761 in 1999, and 1,209 in 2000. The
nunmber of fall chinook salnmon in the resulting 12 cohorts ranged
from302 to 515 (Table 1). Release dates, fork |engths, and
wat er tenperature exposure indices generally increased from
cohort 1 to 4 (Table 1). Flow exposure indices and survival
esti mates decreased fromcohort 1 to 4 (Table 1).
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Table 1. —Predictor variables and estimates of survival
probability (%SE) to the tailrace of Lower G anite Damfor each
cohort of wild subyearling fall chinook sal non, 1998 to 2000.
Abbrevi ations: Date = nedian day of year of release; Fl = nmean
fork length (nm) at release; Flow = a flow (ni/s) exposure index
cal cul ated as the nean fl ow neasured at Lower Granite Dam during
the period when the majority of snolts passed the dam and,
Degrees = a water tenperature (°C) exposure index cal cul ated as
the nean tenperature neasured in the tailrace of Lower Ganite
Dam during the period when the majority of snolts passed the dam

Cohort N Dat e Fl Fl ow Degr ees Sur vi val
1998
1 515 140 80 2,344 17.6 70.8+2.9
2 515 141 75 2,021 18.7 66. 1+3. 3
3 515 153 73 1, 898 19.0 52.8+3.1
4 515 167 70 1, 299 19.8 35.6+2.9
1999
1 441 147 80 2,378 16. 3 87.7+4.6
2 440 153 77 1, 963 17.1 77.0+3. 8
3 440 152 70 2,116 16. 7 81.2+5.8
4 440 167 68 1, 353 18.3 36.4+3.5
2000
1 303 130 77 1,510 16. 7 57.1+4.1
2 302 144 77 1, 296 17.6 53.4+4. 2
3 302 146 77 1,274 17.8 44.4+43. 6
4 302 158 71 859 18.5 35.7+4. 3

Survi val Modeling

Rel ease date and fork |l ength were negatively correlated (N =
12; r = -0.76; P =0.004). Therefore, release date and fork
| ength were not entered into the sanme nultiple regression nodel.
Fork length and flow (N = 12; r = 0.47; P = 0.12), fork length
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and tenperature (N =12; r = -0.54; P = 0.07), and flow and
tenperature (N = 12; r = -0.45; P = 0.15) were non-collinear.

The nodel that predicted cohort survival fromflow and
tenperature had a Mallow s Cp score one | ess than the nunber of
parameters, the |owest Al C value, and an R’ of 0.923 (Table 2).
The nodel s that included fork | ength or rel ease date had
Mal l ow s Cp scores that equal ed the nunber of paraneters,
relatively | ow Al C val ues, and R’ values of 0.923 (Table 2), but
the sl ope coefficient for fork length (t = 0.05;, P = 0.96) and
rel ease date (t = 0.07; P =0.94) did not differ significantly
fromzero

The final multiple regression nodel was: Cohort survival =
140. 82753 + 0. 02648 X Flow -7.14437 X Tenperature. The final
nodel was significant (N = 12; P < 0.0001) as were the
coefficients for flow (t = 6.81; P < 0.0001) and tenperature (t
= - 3.96; P =0.003). Flow and tenperature expl ai ned 92. 3% of
t he observed variability in cohort survival to the tailrace of
Lower Granite Dam Cohort survival generally increased as fl ow
i ncreased, and decreased as tenperature increased (Figure 3).

Assessi ng Summer Fl ow Augnent ati on

Wat er rel eases for sumer flow augnmentation in 1998, 1999,
and 2000 were generally tinmed to passage of later mgrating
snolts at Lower Granite Dam (Figures 4-6). Therefore, later
cohorts were usually predicted to accrue greater surviva
benefits than earlier cohorts (Table 3). For all cohorts,
estimated survival to the tailrace of Lower G anite Dam was
predi cted to be higher when sumer fl ow augnentati on was
i npl enented than when it was not inplenented (Table 3; Figure 7).
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Table 2. —Mallow s Cp scores, Akaikes information criteria
(AIC), and coefficients of determination (R)used to conpare the
fit of multiple regression nodels describing the survival of
cohorts of wld subyearling fall chinook salnmon fromrel ease in
the Snake River to the tailrace of Lower Ganite Dam 1998 to
2000. Abbreviations: Date = medi an day of year of release; Fl =
mean fork length (nm) at release; Flow = a flow (ni/s) exposure
i ndex cal cul ated as the nmean fl ow neasured at Lower Granite Dam
during the period when the ngjority of snolts passed the dam
and, Degrees = a water tenperature (°C) exposure index cal cul ated
as the mean tenperature neasured in the tailrace of Lower Ganite
Dam during the period when the majority of snolts passed the dam

C(p) Al C R Vari abl es in nodel
2 44 0.923 FIl ow Degr ees

4 46 0.923 FI Fl ow Degrees

4 46 0.923 Dat e Fl ow Degr ees
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fl ow was augnented (with) conpared to those that may have
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Figure 2 for a description of box plots.
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Tabl e 3. —+Predicted survival (%95% C.1.) to the tailrace of Lower
Granite Dam for cohorts of wild subyearling fall chinook sal non
rel eased in the Snake River from 1995 to 1998. Predictions were
made using the observed flow and water tenperature indices in
Table 1 (Survival with), and by using flow (ni/s) and water
tenperature (°C) exposure indices recal cul ated to approxi mate
conditions that would have occurred if flow had not been
augnented (Survival w thout).

Recal cul at ed Difference
Sur vi val Sur vi val in
Cohort W th Fl ow Tenperature  without surviva

1998

1 77.2+46.5 2,066 18. 3 64.8+5. 8 12. 4

2 60. 7+6. 6 1, 689 19.3 47.7+47.0 13.0

3 55.3+6. 8 1, 468 20.1 36. 1+9. 3 19. 2

4 33.8+8.0 988 21.3 14.8+13.1 19.0
1999

1 87.3+7.5 2,128 17.1 75.0+5. 2 12.3

2 70.6+4. 7 1, 667 18. 4 53.5+4. 3 17.1

3 77.5+5.8 1, 837 18.0 60.9+4.0 16. 6

4 45.944. 6 943 20.1 22.2+49. 4 23.7
2000

1 61. 5+6. 7 1, 314 17.0 54.2+6. 8 7.3

2 49. 4+45. 5 1,078 17.9 41.546. 5 7.9

3 47.4+45. 3 978 18.6 33.846. 7 13.6

4 31.4+47.5 587 20.1 12. 8+10. 6 18.6
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make both sets of predictions.
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Di scussi on

Survival of wild subyearling fall chinook sal non from
rel ease in the Snake River to the tailrace of Lower G anite Dam
generally increased as flow increased and decreased as
tenperature increased. Based on the regression nodel we
devel oped, survival is predicted to change by approximately 3%
with each change of 100 m/s in flow when tenperature is held
constant. The change in survival is approximately 7% for each
1°C i ncrease or decrease in tenperature when flowis held
constant. Kjelson et al. (1982), Kjelson and Brandes (1989), and
Connor et al. (1998) also reported that survival of subyearling
chi nook sal non during seaward mgration is directly proportional
to flow and inversely proportional to tenperature.

Fl ow and tenperature were closely correlated in the above
three studies (e.g., Connor et al. 1998; r = -0.999), thus the
researchers could not determine if the high correl ati on between
survival and one vari able was caused by the other vari able.

Fl ows and tenperatures were atypically non-collinear (r = -0.45)
during 1998 to 2000, therefore we were able to enter both of
these predictor variables in the sane nultiple regression
equation wi thout biasing the regression coefficients. Both
regression coefficients differed significantly fromzero (flow P
< 0.0001; tenperature P = 0.003). W conclude that flow and
tenperature act together to influence fall chinook sal non

survi val

Correl ation does not inply causation unless the causal
mechani snms can be identified with certainty. Flow and water
tenperature, however, are the two nost plausible factors
affecting survival since fall chinook sal non are aquatic
poi kil ot hernms. W suggest that the two vari abl es assert their
i nfluence on survival simultaneously. For exanple, flow
i nfl uences downstream mgration rate (Berggren and Filardo 1993;
Chapter Five in this report) and water turbidity at the sane tine
tenperature is regulating predation (Vigg and Burley 1991; Curet
1994; Anglea 1997). Fall chinook sal non that m grate downstream
when flow is |low and tenperatures are warm m ght suffer high
nortality because they are exposed for |onger durations to
actively feeding predators in clear water.

Sl ow downst ream novenent and | at e-sumrer passage associ at ed
with low flow levels (Chapter Five in this report) can al so
result in exposure to tenperatures above 20°C. Prol onged
exposure to tenperatures above 20°C might disrupt fall chinook
sal non growth, snoltification, and downstream novenent, thereby
exacerbating predation (Marine 1997). Tenperatures above 20°C
have al so been associated with di sease and stress-induced
nortality (W P. Connor, unpublished data).

Managenent | nplications
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Di scussing the nmanagenent inplications of the results in
this paper requires an understanding of the limtations on our
study. We could not ascertain where PIT-tagged fall chinook
sal nmon died en route to Lower Ganite Dam It was al so
i npossi ble to determ ne where tagged fish spent the majority of
time between rel ease and detection at the dam Qur assessnent of
sumer fl ow augnentati on woul d be weakened if the majority of
tagged fish died in the free-flow ng Snake Ri ver before flow was
augnented. On the other hand, the effect of summer flow
augnentati on on survival nmay have been underesti mated because
observed passage dates were used when recal cul ating fl ow and
wat er tenperature exposure indices. Estinates suggest that
snolts passed Lower Granite Damup to 49 d earlier when sunmer
fl ow augnentati on was i npl enmented, than when it was not
i npl enented (Chapter Five in this report). Therefore, the
recal cul ated fl ow exposure indices used in this paper were
probably too high, the water tenperature exposure indices were
too |l ow, and survival predictions nade using these indices were
probably higher than would be the case if flows had not been
augnent ed.

In spite of the above limtations, we believe the results in
t his paper support sunmer flow augnentation as a beneficial
interimrecovery neasure for Snake River fall chinook sal non
Survival for all 12 cohorts was predicted to be higher when fl ow
augnent ati on was inplenmented than when fl ow was not augnent ed.
We concl ude that increases in flow and decreases in water
tenperature resulting fromsumer flow augnentation increase fal
chi nook sal non snolt survival

Al t hough summrer flow augnentation likely increased survival
of fall chinook sal non passing downstreamin Lower Ganite
Reservoir, snolt nortality is likely still higher than before
dans were constructed. When the |ower Snake River was still
free-fl owi ng chinook sal non snolts were exposed to m nimum fl ows
of approximately 3,400 and 5,000 n/s in 1954 and 1955,
respectively (Mains and Smth 1964). Maxi num tenperatures for
1954 and 1955 were approximately 16 and 13°C (Mains and Snith
1964). In contrast, the maxi mumflow and m ni num t enperat ure
experienced by fall chinook sal nron cohorts from 1998 to 2000
were 2,510 n¥/s and 16.3°C.

Rel easi ng | arger vol unmes of cool er reservoir water during
t he sumrer woul d provide present-day fall chinook sal non snolts
with mgration conditions nore simlar to their pre-dam
counterparts. Dworshak Reservoir, and reservoirs upstream of
Brownl ee Dam however, are the only two sources of additional
water. The ability of fishery managers to obtain nore cool
wat er for summer flow augnentation from Dworshak Reservoir is
limted by technical, political, and biological constraints.
Dwor shak Reservoir is routinely drafted to near m ni num
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operation levels, so releasing nore water woul d reduce the
probability of refill the next year. Releasing |arger volunes
of water from Dworshak Reservoir earlier in the year to cover a
| arger percentage of the snmolt migration would be difficult
because political opponents of sunmer flow augnentation advocate
mai ntai ning the reservoir at full-pool as long after the 4'" of
July as possible. Releasing colder water from Dworshak
Reservoir using its nulti-level selector gates would |ikely

di srupt grow h and seaward novenent of fall chinook sal non that
are still rearing in the |ower Clearwater R ver when snolts from
t he Snake River are passing downstreamin Lower Ganite
Reservoir (Chapter Four in this report). For exanple, the

rel ease of 6°C water in July 1994 decreased tenperature in Lower
G anite Reservoir from approximately 23 to 17°C (Connor et al
1998), thereby inproving conditions for survival of snolts from
the Snake River. However, the 6°C rel ease al so caused wat er
tenperature in the lower Cl earwater River to decrease from
approximately 19 to 8°C (U. S. Ceol ogical Survey data collected
at Spal ding, Idaho) at a tine when young fall chinook sal non
were still rearing along the shoreline.

I ncreasing the supply of water available fromreservoirs
upstream of Brownl ee Dam for sunmmer flow augnmentati on woul d be
difficult because political opponents of sumrer flow
augnent ati on advocate using reservoir water for irrigation,
power production, and recreation. Cooler water cannot be
rel eased from Brownl ee Reservoir because Brownl ee Dam does not
have nulti-level selector gates. Consequently, the water
rel eased from Brownl ee Reservoir for summer flow augnentation is
relatively warm (e.g., 17.5 to 20.3°C, Connor et al. 1998).

Devel oping the ability to selectively release cooler water from
Brownl ee Reservoir m ght be the nost practical option for

i mproving the effectiveness of summer flow augnmentation provided
that cooler water is available and inpacts on native resident
fishes would be mnimal. Cool water could be rel eased from
Brownl ee Reservoir when fall chinook salnon snolts fromthe
Snake River are passing downstreamin Lower Granite Reservoir

wi thout affecting water tenperatures in the |ower C earwater

Ri ver when fry and parr are still rearing.
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Appendi x 1. —Mean daily flows (ni/s) in Lower Granite Reservoir
with and wi thout summer flow augnmentation, 1998 to 2000.

1998 1999 2000

Dat e Wth Wthout Wth Wthout Wth Wthout
01-Jul 2195 2138 2336 2243 1020 892
02- Jul 2212 2127 2212 2050 952 790
03- Jul 2251 2130 1931 1863 1014 835
04- Jul 2419 2283 1832 1702 977 816
05- Jul 2274 2116 1699 1594 1020 677
06- Jul 2065 1957 1685 1546 1090 773
07-Jul 1960 1844 1563 1427 1121 793
08- Jul 1827 1592 1546 1385 1059 552
09- Jul 1801 1515 1648 1458 1246 753
10- Jul 1778 1436 1563 1357 1198 583
11- Jul 1866 1385 1509 1269 1204 612
12- Jul 1892 1504 1532 1294 1274 572
13- Jul 1745 1087 1447 1136 1280 600
14- Jul 1812 1198 1529 1184 1229 513
15- Jul 1759 1164 1507 1172 1184 561
16- Jul 1651 1073 1507 1212 1161 501
17- Jul 1583 9711 475 1136 1187 507
18- Jul 1555 8301 541 1238 1087 524
19- Jul 1549 8441 501 991 1073 470
20- Jul 1577 8811 546 988 1099 504
21-Jul 1521 7391 456 954 1096 490
22-Jul 1535 7191 453 912 1028 450
23-Jul 1549 7141 456 895 1028 541
24- Jul 1512 6881 376 847 1005 382
25-Jul 1481 6851 354 824 1051 399
26- Jul 1444 6461 345 787 1076 467
27-Jul 1521 6571 314 762 1042 416
28-Jul 1529 7621 308 824 1031 515
29-Jul 1410 6151 257 685 860 436

30- Jul 1453 6661 263 671 643 530
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Appendi x 1. —Conti nued)

31- Jul 1439 649 1368 634 855 453
01- Aug 1450 830 1357 617 833 408
02- Aug 954 765 1382 632 864 428
03- Aug 963 612 1323 615 784 402
04- Aug 1283 705 1303 702 748 337
05- Aug 1167 586 1266 660 833 413
06- Aug 1201 634 1175 615 776 360
07- Aug 1065 592 1181 640 759 351
08- Aug 1107 671 1198 753 745 354
09- Aug 943 436 1116 555 733 326
10- Aug 1065 510 1141 671 813 362
11- Aug 1045 484 1054 600 813 377
12- Aug 1104 524 1028 547 733 280
13- Aug 1136 552 1164 694 787 368
14- Aug 1087 496 1028 697 773 362
15- Aug 1028 496 1090 702 750 297
16- Aug 960 524 1073 657 753 261
17- Aug 827 396 1170 711 799 365
18- Aug 954 445 1022 595 767 252
19- Aug 974 413 1025 578 858 408
20- Aug 1065 566 1070 544 787 354
21- Aug 932 521 1051 637 787 391
22- Aug 787 487 906 538 649 329
23- Aug 716 498 898 462 677 365
24- Aug 719 490 997 569 691 354
25- Aug 688 487 892 487 671 331
26- Aug 683 552 960 569 685 428
27- Aug 575 462 901 467 583 360
28- Aug 617 402 912 583 677 354
29- Aug 697 544 827 527 566 362
30- Aug 592 541 810 552 513 346

31- Aug 507 334 782 476 518 368
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Appendi x 2. —Mean water tenperatures (°C) in Lower Ganite
Reservoir with and without sumrer flow augnentation, 1998 to
2000.

1998 1999 2000

Dat e Wth W thout Wth W thout Wth W thout

01-Jul 16.6 19.0 15.8 16. 2 18. 8 17.8
02-Jul 17.5 19.8 15.9 16.6 19.1 18. 2
03-Jul 18.1 20.1 16.0 16. 9 19.4 18. 7
04-Jul 18.7 20.1 15.8 16. 8 19. 4 18.9
05-Jul 19.0 20.3 15.8 17.0 19.0 19. 2
06-Jul 19.0 20.1 15.7 17.0 18. 7 19.3
07-Jul 19.3 19.7 15.7 16. 8 18. 4 20.0
08-Jul 19.7 19.7 16.0 17.0 18.0 20.1
09-Jul 20.1 19.5 16. 8 16. 7 17.9 20. 3
10-Jul 20.6 19.7 17.3 17.1 18.1 19.7
11-Jul 20.7 19.5 17.7 17.3 18. 3 19. 2
12-Jul 20.8 20.0 18. 2 18.1 18.0 19.3
13-Jul 20.5 20.4 18.6 18.5 18.0 19.3
14-Jul 20.2 20.6 18.9 18. 7 18. 2 19.1
15-Jul 20.0 20.7 19.3 19.0 18.6 19.0
16-Jul 19.7 20.7 19.7 19.3 18.9 18. 8
17-Jul 19.9 20.7 19.6 19. 8 19.1 19.3
18-Jul 19.9 20.8 19.8 20.1 19.0 19.6
19-Jul 20.4 20.9 19.6 20. 3 19.0 19.7
20-Jul 20.4 21.3 19.2 20. 2 18.9 19.9
21-Jul 20.9 21.8 19.1 19.9 19.1 20. 3
22-Jul 20.7 22.0 19.1 19.9 19. 2 20. 3
23-Jul 20.1 22.2 18.9 19. 7 19. 4 20. 2
24-Jul 19.7 22.4 18.7 19. 8 19.6 20.6
25-Jul 19.5 22.6 18.9 19.5 19.7 20.8
26-Jul 19.7 22.7 19.1 19.3 19.5 21.0
27-Jul 19.7 23.0 19.2 19.4 19.4 21.2
28-Jul 19.7 22.9 18.9 19.9 19.5 21.2
29-Jul 20.2 23.1 19.0 21.0 19.5 21.6
30-Jul 20.1 23.3 19.3 21.2 19.4 21. 7
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CHAPTER SEVEN

Gowh of WIld Subyearling Fall Chinook Sal non
in the Snake River*

WIlliam P. Connor and Howard L. Burge
U S. Fish and WIldlife Service
Post O fice Box 18, Ahsahka, |daho 83520, USA

*Subm tted to the North American Journal of Fisheries Managenent
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Abstract. &G owth is an inportant determnant of life history
devel opnment for juvenile anadronous sal nonids. Dans can affect
growt h by displacing spawners and juveniles into | ess productive
habitat. In the Snake River, danms extirpated fall chinook

sal non Oncor hynchus tshawytscha spawners fromthe nost
productive area into habitat with |ower growth opportunity. W
collected fall chinook sal nmon juveniles in two reaches of the
Snake River to describe growh in fork length (nmid), and to
test for a relation between growh and water tenperature.

Gowh rate during shoreline rearing was significantly (P =
0.003) higher for parr in the warmer of these two reaches (grand
means 1.2+0.04 and 1.0+0.04 mmd). Snolts fromthe two reaches
share a comon rel atively warm downstream m grati on route, thus
growh rates were simlar between snolts fromthe two reaches (P
= 0.18; grand neans 1.3+0.04 and 1.4+0.04 nmid). By pooling
data across reaches and life stages, we found that growth rate
general ly increased as water tenperature increased (N = 17; r? =
0.62; P = 0.0002). The growh rates we observed were probably

| oner than for fall chinook salnon in the historical rearing
area, but they were still rapid by conparison to those reported
for ocean-type chinook salnon in presunably nore productive
bracki sh and saltwater habitats. W suggest that growth could
be used to index the well-being of Snake River fall chinook

sal non.
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| nt roducti on

Construction and operation of danms has affected many stocks
of anadromous salnmonids in the North Anrerica (e.g., Mffitt et
al . 1982; Winderlich et al. 1994; Kondolf et al. 1996; Dauble
and Watson 1997). Nunerous dans were constructed al ong the
upper Snake River in southern |daho throughout the 20'" century.
Conpl etion of seven dans from 1958 to 1975 markedly reduced the
potential of the Snake River for fall chinook sal non
Oncor hynchus tshawtscha. Brownl ee, Oxbow, and Hells Canyon
dans elim nated spawning and rearing in the nost productive
habi tat upstream of Marsing, |daho (G oves and Chandl er 1999;
Daubl e and Gei st 2000; Figure 1). Lower Ganite, Little Goose,
Lower Monunental, and Ice Harbor dans further reduced spawni ng
and rearing habitat availability by inpounding the | ower 224 km
of the Snake River (Figure 1).

The majority of wild subyearlings that inhabit the 173 km
of riverine habitat between Hells Canyon Dam and t he upper end
of Lower Granite Reservoir (Figure 1) are offspring of fal
chi nook sal non spawners (Marshall et al. 2000; Connor et al.
2001a; W P. Connor, unpublished data). The renaining
subyearlings are wild spring and sumrer chi nook sal non t hat
di sperse long distances fromnatal streans into the Snake River
where they rear, grow rapidly, and then mgrate seaward a little
earlier than fall chinook sal non (Connor et al. 2001a, 2001b).
For sinplicity, we refer to the wild subyearling chinook sal non
that inhabit the shorelines of the Snake River during spring and
summer as fall chinook sal non.

In Chapter Four of this report, we described how t he upper
reach (Figure 1) of the Snake Ri ver was warner than the |ower
reach during winter through spring when eggs were incubating,
and during spring when juveniles were rearing and starting
seaward novenent. Consequently, life history of young fal
chi nook sal non progressed on an earlier tinme schedule in the
upper reach of the Snake River than in the | ower reach of the
Snake River. Assuming |ife stage progression was a crude
measure of growth, we concluded in Chapter Four of this report
that relatively warner water tenperatures and higher growth
opportunity (Metcalfe and Thorpe 1990; Taylor 1990) in the upper
reach of the Snake River explained the differences in life stage
devel opnent we observed.

155



| daho =

Washi ngt on 9 8

10 !
' 6 Cl ear|wat er
3
"""" Ri Ver
Gr ande \
Ronde Ri ver
Or egon 5 Sal mon
g R ver
4
| maha 3

50 50 Snake Ri ver
h a| ow
1

Figure 1. —+tocations of the upper and | ower reaches of the
Snake River where adult fall chinook sal nron spawn and their
of fspring were captured by using a beach seine (cross hatched
ellipses), and Lower Granite and Little Goose dans and
reservoirs. The locations are as follows: 1 = historical
spawni ng area near Marsing, |daho; 2) Brownl ee Dam 3) Oxbow
Dam 4) Hells Canyon Dam 5) Snake River upper reach; 6) Snake
River | ower reach; 7) Lower Ganite Reservoir; 8) Lower G anit
Dam 9) Little Goose Reservoir; and 10) Little Goose Dam
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In this chapter, we expand on the findings in Chapter Four
of this report by estimating and conparing growmh in fork | ength
for fall chinook salnon in the upper and | ower reaches of the
Snake River. W also test for a relation between water
tenperature and growth in fork |ength.

Met hods

Wat er tenperature.—bata were collected in the Snake River
from 1995 to 1999 using hourly recordi ng thernographs stationed
known di stances (rkm upstream from each river nouth
Ther nographs were typically stationed offshore in relatively
deep water to ensure subnmergence at all flow | evels.

Ther nograph | ocations in the Snake River varied by year and fl ow
level. Data were collected at rkm 383, rkm 369, rkm 325, and
rkm 303 in the upper reach of the Snake River, and at rkm 290,
rkm 287, rkm 274, rkm 265, and rkm 251 in the | ower reach of the
Snake River. No tenperature data were available for the |ower
reach of the Snake River in 1996 or either reach in 2000 due to
t her nograph failure.

Dai ly mean water tenperature was cal cul ated from
t hermograph output. Data for two or nore thernographs in the
Snake River were averaged within a reach to provide one daily
mean water tenperature value. Mssing daily nmean val ues were
predi cted by using ordinary | east-squares regression (range of r
values 0.94 to 0.99). For exanple, mssing daily nean val ues
were predicted for 6/30/99 to 7/7/99 based on a regressi on nodel
fit using observed day of year (e.g., January 1 = 1) and daily
mean water tenperatures collected three weeks before 6/30/99 and
three weeks after 7/7/99.

2

Daily mean water tenperature data were al so collected by
the U S. Arny Corps of Engineers in the tailrace of Lower
Ganite Dam from 1995 to 1998. W used data collected in the
forebay of Lower Granite Dam when tailrace data were
unavai |l abl e.

Two water tenperature indices were calculated fromthe
daily nmean water tenperature data. Mean spring (3/20 to 6/20)
wat er tenperatures in each reach of the Snake River were used to
i ndex growth conditions during shoreline rearing. Mean spring-
sumrer (3/20 to 9/21) water tenperatures at Lower G anite Dam
were used to index growth conditions during seaward m gration.

G owm h. —+all chinook sal non were captured in the upper and
| oner reaches of the Snake River from 1992 to 2000. W anal yzed

157



data collected on fall chinook sal non from 1995 to 2000 because
data sets were conplete for both the upper and | ower reaches of
t he Snake River. Sanpling was conducted using a beach seine
(Connor et al. 1998). Beach seining typically started in Apri
soon after fry began emerging fromthe gravel, and was conducted
1 d/week at permanent stations within each spawni ng and rearing
area. Once a mpjority of fish were at least 60 mmfork | ength,
additional stations were sanpled in each spawning and rearing
area for three consecutive weeks. Sanpling was discontinued in
June or July when the majority of fish had noved into Lower
Granite Reservoir or to points further downstream

Passive integrated transponders (PIT) tags (Prentice et al.
1990b) were inserted into fall chinook sal non parr 60 mm fork
I ength and | onger (Connor et al. 1998). Tagged parr were
rel eased at the collection site after a 15-mn recovery period.
Sonme of these PIT-tagged parr were recaptured at beach seining
stations up to 46 d after initial capture. W calculated growh
in fork length(mmd) for parr as: fork length at recapture m nus
fork length at initial capture divided by the nunber of days
between initial capture and recapture.

Sone of the PIT-tagged fish were detected as snolts as they
passed downstreamin the juvenile bypass systens of dans
equi pped with PIT-tag nonitors (Matthews et al. 1977; Prentice
et al. 1990a; Figure 1). W recaptured a subsanple of the
detected snolts using a diversion device (Downing et al. 2001)
| ocated in the fish bypass system of Lower G anite Damin 1995,
and Little Goose Damfrom 1996 to 1998. W cal culated growth
rate for snolts using the equation described for parr.

Statistical anal yses. - cal cul ated grand nean growth rates
by reach and |ife stage event. For exanple, grand nean growth
rate for parr in the upper reach of the Snake R ver was
cal cul ated as the nmean of the six nean annual growth rates for
parr in the upper reach. Gand nmean growh rate for the parr
life stage was cal cul ated as the nean of the 12 mean annual
growh rates for parr of both reaches.

We used ANOVA (alpha = 0.05) with a random zed bl ock design
bl ocki ng on year to test three null hypotheses: 1) there is no
difference in growh rates of parr in the upper and | ower
reaches of the Snake River; 2) there is no difference in growh
rates of snolts originating fromthe upper and | ower reaches of
the Snake River; 3) there is no difference in growh rates of
parr and snolts. Tukey-type pair-w se conparisons (al pha =
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0.05) were nmade to test for significant differences between
grand neans.

We used ordinary | east-squares regression (alpha = 0.05) to
test the relation between gromh rate and water tenperature.
Mean grow h rates were pool ed across reaches and |life stage
events to provide the dependent variable in this regression.
Spring water tenperature was the independent variable paired
parr growmh rates. Spring-sunmer water tenperature was the
i ndependent variable paired wwth snolt growh rates.

Resul ts

Wat er tenperatures during spring were warner in the upper
reach of the Snake R ver than in the | ower reach (Table 1).
Wat er tenperatures neasured at Lower Granite Dam during the
spring-sumer period were warner than those nmeasured in the both
reaches of the Snake River during spring (Table 1).

During the 6 years, PIT tags were inserted into 7,506 fal
chi nook sal nmon parr. O these, 1,028 were recaptured (Table 2).
Approxi mately 80% of the parr used to calculate growh rates
were tagged and then recaptured during the spring. Fork |ength
of PIT-tagged parr during shoreline rearing averaged 69 nm
(range 60 to 105 Mm). G owh rate was significantly (P = 0.003)
hi gher for parr in the upper reach than for parr in the | ower
reach (Table 2).

A total of 531 PIT-tagged snolts was recaptured at Lower
Granite and Little Goose dans conbined (Table 3). Approximately
99% of these recaptured snolts passed the danms during the spring
and summer. Fork length of recaptured snolts averaged 141 mm
(range 84 to 213 mm). The reach of the Snake Ri ver where snolts
were initially captured and PIT tagged had no effect on growth
rate (P = 0.18; Table 3).

Grand nmean growmh rates were 1.1+0.05 nmm'd and 1. 3+0. 03
mmd for parr and snolts, respectively. Parr growh rates were
signficantly lower (P = 0.002) than snolt growth rates.

Gowh rate was significantly related to water tenperature
(P = 0.0002). Water tenperature explained 62% of the
variability observed in growh rate (Figure 2). Gowh rate
generally increased as water tenperature increased (Figure 2).
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Tabl e 1. —Mean spring water tenperatures (°C) neasured in the
upper and | ower reaches of the Snake River, and mean spring-
sumer wat er tenperatures neasured at Lower Granite Dam 1995 to
1999. G and nean water tenperatures + SE are al so given.

Upper reach Lower reach Lower Granite

Year Snake River Snake River Reservoir
1995 11.8 10.9 15.0
1996 12.7 15.3
1997 12.4 11.2 14. 4
1998 12.0 11.5 15.5
1999 12.3 10.6

G and neans 12. +0. 2 11.1+0. 2 15.1+0. 2

Table 2. .G owth rates (nmd) for wild fall chinook sal non parr
in the upper and | ower reaches of the Snake River, 1995 to 2000.
Data are given as sanple size; nean; range. The grand nean +
S.E. growth rates were significantly different (P = 0.003).

Year Upper reach Lower reach
1995 148; 1.2; 0.1-1.8 78; 1.0; 0.0-1.8
1996 19; 1.1; 0.6-1.5 49; 0.9; 0.2-1.9
1997 20; 1.3; 0.9-1.7 80; 0.8; 0.2-1.4
1998 112; 1.1; 0.2-1.6 129; 0.9; 0.0-1.6
1999 171; 1.3; 0.3-1.9 92; 1.1; 0.1-1.7
2000 90; 1.3; 0.8-1.6 40; 1.0; 0.3-1.5
G and neans 1. 2+0. 04 1. 0+0. 04
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Table 3. owh rates (mmd) for wild fall chinook sal non
snolts originating fromthe upper and | ower reaches of the Snake
River, 1995 to 1998. Data are given as sanple size; nean;
range. The grand nmean + S.E. growth rates were not
significantly different (P = 0.18).

Year Upper reach Lower reach
1995 132; 1.3; 0.7-1.7 156; 1.4; 0.8-2.1
1996 9; 1.3; 1.1-1.5 48; 1.3; 0.7-1.8
1997 19; 1.2; 1.0-1.5 62; 1.3; 0.5-1.7
1998 105; 1.4; 0.8-1.8 146; 1.4; 0.3-2.3
Grand neans 1. 3+0. 04 1. 4+0. 04
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Di scussi on

Qur study was subject to several limtations. Sanple sizes
of parr and snolts used to calculate growh rates were small in
sone cases due to | ow abundance, difficult sanpling conditions,
and | ogistical constraints inposed by the dans. W did not
anal yze all the factors that affect growth of juvenile
anadronmous sal nonids. Water tenperature was a | ogical variable
to study because young fall chinook sal non are aquatic
poi kil ot hernms, thus their growth is regul ated by water
tenperature (Banks et al. 1971; Marine 1997). W used
t her nograph data collected offshore in the Snake R ver, and at
Lower Granite Damto i ndex water tenperature conditions
experienced by young fall chinook sal non. The actual water
t enper at ures experienced by parr during rearing and snolts
during seaward migration were not conpletely represented by
these indices. Local water tenperature data collected where
fall chinook sal non rear and pass downstream woul d have i nproved
our regression analysis, but such data would be difficult to
coll ect and were not available from 1995 to 2000.

In spite of the above limtations, we found that differences
in fall chinook sal nron grow h observed between reaches and life
stage events could be partly expl ained by water tenperature as
proposed in Chapter Four of this report. The upper reach of the
Snake River fostered higher rates of growh for parr than the
| oner reach partly because it was warnmer. Parr growth was
sl ower than snolt growth partly because water tenperatures
during shoreline rearing were cooler than during seaward
mgration. Snolts originating fromthe upper and | ower reaches
of the Snake R ver grew at approximately the sane rates partly
because they shared a common relatively warm m gration
envi ronment .

The | evel of growh sustained by young anadronous sal noni ds
plays a role on |ife history devel opnent. Sone researchers
mai ntai n that age at seaward m gration decreases as water
tenperature during rearing increases because growth increases
(Metcal fe and Thorpe; Taylor 1990; Connor et al. 2001b). In
Chapter Four of this report, we found that on average 11% of the
fall chinook salnmon that were PIT tagged in the | ower reach of
t he Snake River did not conplete seaward m gration until they
were yearlings, conpared to only 2% for fish in the upper reach
This suggests a tenperature-related tendency toward a stream
type (Healey 1991) |life history that could reduce survival by
extending freshwater residency. Differences in parr growth
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rates caused by water tenperature provide a plausible
expl anation for this observation.

Fal | chi nook sal non parr probably grow nore slowy in
present day rearing areas than they did in the relatively warnmner
wat er of the historical spawning and rearing area near Marsing,
| daho. Spring water tenperatures in the Snake Ri ver near
Mar si ng, | daho averaged 14.2°C in 1961, 14.4°C in 1962, and
13.5°C in 1963 (Chapter Four in this report), which were the |ast
three years this reach of river supported fall chinook sal non.
Based on our regression equation, these tenperatures would
result in growh rates of 1.4, 1.4, and 1.2 nmd conpared to the
average rates of 1.2 and 1.0 mmd we observed in the upper and
| ower reaches of the Snake River from 1995 to 2000.

Al t hough parr in present-day rearing areas m ght grow nore
slowy than their historical counterparts, they still exhibit
rapid growt h by conparison to those of other present-day stocks
of ocean-type (Heal ey 1991) chinook sal nmon that snolt and
m grate seaward as subyearlings. Gowh rates reported for wld
subyear|ing chinook salnon in presumably productive bracki sh and
sal twater habitat along the Pacific coast of North Anmerican
ranged fromO0.4 to 1.3 mid (Healey 1980; Kjelson et al. 1982
Buckman and Ewi ng 1982). The rapid growh we observed occurred
during the critical spring time period associated with
successful snoltification (D ckhoff et al. 1997; Beckman and
D ckhoff 1998), and it likely contributes to the maintenance of
an ocean-type life history by nost young Snake River fal
chi nook sal non.

We suggest that the results in this brief have an inportant
inplication for managenent of Snake River fall chinook sal non
listed for protection under the Endangered Species Act (ESA
NVFS 1992). WManagenent activities with the potential to
decrease grow h rates bel ow 1995-2000 | evel s shoul d be
nmoni tored. Rel easing |arge nunbers of hatchery fall chinook
salnon into the Snake R ver to supplenment wld production m ght
eventual |y reduce growth through intra-specific conpetition
(e.g., McMchael et al. 1997). Releasing cool water from
reservoirs upstream of Lower Ganite Reservoir to inprove
downstream m gration rate and survival of fall chinook sal non
snolts (e.g., Connor et al. 1998) m ght reduce growh by
reduci ng water tenperature. Gowh rate could be used to index
the effects of the above two recovery neasures on the well-being
of wild fall chinook salnon in the Snake River basin.
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Abstract. - I npoundnent of the Snake River, Washington, has
resulted in high water tenperatures and |ate seaward m gration
of juvenile fall chinook sal mon during sumrer nonths. To
determine if juvenile fall chinook sal non are exposed to

t enperatures higher than the upper incipient lethal, we tagged
groups of fish with tenperature-sensing radio tags and tracked
themin Little Goose Reservoir on the Snake River during the
sumers of 1998 and 1999. Spatial and tenporal patterns of the
reservoir’s thermal environnment were described using a

bat hyt hernograph. Little Goose Reservoir was generally

honmot herm ¢, and tenperatures selected by fish were typically
not significantly different fromnean water tenperatures. No
areas of thermal refugia existed in Little Goose Reservoir.

Ther mal exposure was nost influenced by fish residence tine in
the reservoir within each year and by tenperature differences
bet ween years. Current augnentation of Snake Ri ver summer fl ows
with col d-water rel eases from Dworshak Damin |daho reduces the
t hermal exposure of juvenile fall chinook sal non by | owering
wat er tenperatures up to 4°C and may therefore increase their
survival. Continued flow augnentation using water from Daorshak
Reservoir may be the only mechanismto neet the tenperature
standard for the | ower Snake River.
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| nt roducti on

The construction of Ice Harbor, Lower Mnunental, Little
Goose, and Lower Granite danms has inpounded nuch of the | ower
Snake River, Washington. The only accessible free-flowi ng river
reach is in Hells Canyon, |ocated upstreamof Lower Ganite
Reservoir. The Hells Canyon Reach supports a naturally-
reproduci ng popul ati on of Snake River fall chinook sal non
(Oncor hynchus tshawtscha), which is |isted as threatened under
t he Endangered Species Act (NMFS 1992). The timng of juvenile
fall chinook sal non seaward mgration is later than it was
hi storically (Connor 2001), and fish currently em grate through
| oner Snake River reservoirs in July and August when summer
water tenperatures are at a maxi mum

The specific consequences of el evated thermal exposure to
fish are currently unknown, but sone general effects of warm
wat er tenperatures on juvenile chinook sal non are well
docunented. Anong these is an increased risk of predation (Vigg
and Burley 1991), disease (Fryer and Pilcher 1974; Holt et al.
1975), reduced gill Na'/ K" ATPase activity (a neasure of snolt
physi ol ogy that has been associated with mgratory behavior in
chi nook sal non; Zaugg 1989; Beenman et al. 1991), and | ow
survival and detections at danms (Miuir et al. 1998; Connor et al.
1998). Finally, the upper incipient |ethal tenperature for

juvenil e chinook salnon is 24°C (Brett 1952), which was routinely
exceeded in the top nmeter of the water colum in Little Goose
Reservoir.

Washi ngton has established a maxi num wat er tenperature

standard of 20°C for the | ower Snake River to protect sal nonids
pursuant to the Cean Water Act (WAC 1992). However, this
standard is routinely exceeded during the summer mgration of
juvenile fall chinook sal mon (USACE 2002). As a consequence,
the U S. Arny Corps of Engineers (operators of the federal dans
on the | ower Snake River) is currently in litigation for

all egedly violating the tenperature standards in the | ower Snake
River (132 S. Supp. 2d. 1072 (D.OR 2000)). The only short-term
nmet hod to reduce these water tenperatures is to rel ease cold

wat er from Dworshak Reservoir. This reservoir is |ocated on the
North Fork Cl earwater River 68 km upstream of the Snake and

Cl earwater river confluence at Lew ston, |daho (Snake River rkm
224) (Figure 1). However, the effect of Dworshak Reservoir

rel eases on the thermal exposure of fish in the | ower Snake

Ri ver is unknown because thermal history information from

m grants has not been avail abl e.
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Areas of cool water (thermal refugia) may exist in | ower
Snake River reservoirs, which would allow fish to avoid
tenporarily unfavorably high tenperatures (Karr et al. 1998).
Monitoring stations that use thernographs nmay not adequately
descri be the tenperatures experienced by fish mgrating through
the | ower Snake Ri ver because inferences are limted to specific
| ocations. Existing reservoir tenperature data are relatively
sparse and were usually collected at a crude spatial scale. The
nost conplete data sets were collected fromthe scroll cases at
the dans (Bennett et al. 1997, Karr et al. 1998). Tenperatures
nmeasured at the dans or from single thernographs in the
reservoirs cannot detect the presence of thermal refugia. The
thermal environnent at a finer spatial scale has not been
adequately described for any of the | ower Snake Ri ver
reservoirs.

Thermal histories of juvenile fall chinook sal non m grating
t hrough | ower Snake River reservoirs are al so unavail abl e.
However, recent advances in mniature electronics have resulted
in tenperature-sensing radio transmtters suitable for use in
fish as small as 120 mmfork length. These tags neke it
possible to obtain thermal histories on mgrating juvenile
sal non. W used a conbination of radio telemetry and
tenperature sanpling to: (1) estimate the thermal exposure of
juvenile fall chinook salnmon mgrating through a | ower Snake
Ri ver reservoir, and (2) to determne if selected tenperatures
differed fromthose generally avail abl e.

Study Area

We conducted this study in Little Goose Reservoir |ocated
on the | ower Snake River in eastern Washington (Figure 1). The
reservoir was created in 1970 with the conpletion of Little
Goose Dam (Ri ver kilonmeter (rkm 113 as neasured fromthe Snake
Ri ver nmouth), and is approximately 60 kmlong. The reservoir
has a mean width of 0.7 kmand the nean depth increases from 14
to 32 mfromthe head of the reservoir to the forebay of Little
Goose Dam The reservoir has little storage capacity, |ow
retention tinme (5.7 d at 1,416 ni/s), and is operated as run-of -
the-river for hydroelectric power generation. D scharges during
the summer typically decline fromabout 2,266 to 566 n¥/s. Lower
Granite Dam (rkm 173) is the only damupriver of Little Goose
Dam before the free-flow ng Hells Canyon Reach, where Snake
Ri ver fall chinook sal non adults spawn naturally and juveniles
rear before mgrating seaward.
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Met hods
Reservoir tenperatures

The thermal environnent of Little Goose Reservoir was
characterized in 1998 and 1999 with a bat hyt her nograph (BT) that
continuously recorded tinme, depth, and tenperature (accuracy =

+0.1°C). Twenty-five transects perpendicular to the |ongitudinal
axis of the reservoir were established at roughly 2.5-km
intervals fromLittle Goose to Lower Ganite Dam The BT was
lowered at a rate of 0.4 ms fromthe water surface to the
bottom of the reservoir at five l|locations along each transect:
sout h shoreline, 25% channel width (as neasured fromthe south
shore), 50% channel w dth, 75% channel wi dth (as nmeasured from
the south shore), and north shoreline. Shoreline deploynents
were made as near as possible to the shore while staying within
water 3-4 mdeep. Data were collected fromeach transect at
approximately 14-d intervals, which we refer to as tinme periods,
frommd July to early Septenber. For each profile, the BT
tenperature at the water surface was checked agai nst the
tenperature neasured with a nercury thernoneter that net
American National Standards Institute criteria. Equipnent
failure precluded collecting transect water tenperature data
during 5-19 July and 20 Jul y-2 August.

Radio telenetry

M niature tenperature-sensing radio transmtters (Advanced
Tel enetry Systens, Isanti, Mnnesota) were used to collect
thermal histories fromjuvenile fall chinook sal non.
Transmtters were 17 nmlong, 6 nmin dianeter, weighed 1.7 g in
air, and had a life span of 8 to 10 d. Tag accuracy was #0.5°C
The transmtters operated on uni que frequencies and had pul se
intervals (in mlliseconds) that varied directly and linearly
with tenperature. The manufacturer provided equations for each
tag to convert pulse interval to tenperature, which were
val idated along with tag performance in |aboratory tests
(Haskell et al. 1999). Because tags did not have a tenperature
sensor external to the fish, neasured tenperatures were those of
the fish at any given tinme. The response tinme of the tags
inmplanted in fish ranged from2 mn (0.5°C tenperature change) to

4.5 mn (6.0°C change), and varied directly wth the magnitude of
t he tenperature change (Haskell et al. 1999).

174



To obtain thermal histories fromin-river mgrants, we
t agged natural |l y-produced juvenile fall chinook sal non coll ected
at the Lower Granite Damjuvenile fish collection facility in
1998 and 1999. Fish selected for tagging were at |east 120 mm
fork length (FL), had no visible signs of injury or stress, and
were unmarked indicating their natural origin. Fish were
anesthetized in a 100 ng/L solution of buffered tricaine
nmet hanesul fonate (Ms-222), wei ghed, and neasured. A
tenperature-sensing radio transmtter was gastrically inplanted
in the fish as descri bed by Adans et al. (1998a). After
tagging, fish were allowed to recover for 24 hr before being
rel eased into the Lower G anite Damtailrace via the PIT-tag
bypass pipe in 1998 and by boat in the mddle of the channel in
1999.

Totals of 69 and 76 juvenile fall chinook sal nron were
tagged with tenperature-sensing radio transmtters and rel eased
into Little Goose Reservoir in 1998 and 1999. The nean size of
radi o-tagged fish ranged from 130 mmand 24.4 g to 176 mm and
73.7 g (Table 1). The ratio of the tag weight to fish body
wei ght averaged 3.8% (range = 2.3 to 6.9%, which was | ess than
the 5% 1imt used in other studies (Wnter 1983, Adans et al.
1998a, Adans et al. 1998b). Tag retention during the 24-hr
recovery period was 99% (one regurgitated tag each year), and
there were no nortalities.

Groups of 5-7 tagged fish were rel eased at regul ar
intervals over five 9 to 14-d periods each year (Table 1). The
fish with the strongest radio signal fromeach rel ease group was
tracked continuously for 48 hr by boat as it m grated through
the reservoir. Fourteen fish were chosen as primary fish and
intensively tracked in 1998. The nean nunber of tenperature
records collected per fish was 3,160 (range = 203 to 9,928). 1In
1999, 18 fish were intensively tracked, which had a nmean nunber
of tenperature records per fish of 2,772 (range = 381 to 7, 960).
O her fish in the rel ease groups were nonitored to provide
additional tenperature information. |If the primary fish was not
detected for 4 hr, we tracked a different fish. Radio-tag
signals were detected with a data-|ogging receiver (Lotek
Engi neering Inc., Newrarket, Ontario, Canada) and a six-el enent
Yagi antenna. Fish could only be detected to a maxi num dept h of
10 mdue to radio signal attenuation. Each hour, the |ocation
of the selected fish was determ ned as the position of the
strongest radio signal strength with a real-tinme differentially
corrected gl obal positioning system (GPS). |In addition, a
tenperature profile of the water colum was coll ected using a BT
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Tabl e 1.-Rel ease dat es,

| engt hs and wei ghts,

radi o-tagged juvenile fal
Littl e Goose Reservoir

nunber of fish (N),

and nean fork
with standard errors in parentheses, of
chi nook sal non rel eased into

in 1998 and 1999.

Rel ease dates N Length (mm Wei ght ()
1998
10-19 July 14 138 (2.5) 35.4 (2.0)
20 July-1 August 13 136 (2.7) 33.3 (2.1)
2- 14 August 14 142 (1.7) 38.5 (1.5)
15- 28 August 14 152 (2.1) 46.7 (2.1)
29 August -7 Septenber 14 167 (2.0) 62.7 (2.4)
1999
5-19 July 17 130 (7.5) 24.4 (5.0)
20 Jul y-2 August 11 144 (6.9) 35.5 (4.8)
3-15 August 18 154 (4.7) 44.1 (4.5)
16- 25 August 12 161 (13.5) 53.5 (13.7)
26 August -4 Sept enber 18 176 (7.1) 73.7 (9.7)
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to conpare nean fish and water tenperatures subsequently at fish
| ocati ons.

Fi sh nmovenents and tenperature exposures were al so
nmonitored by fixed-site receivers connected to stationary
antenna arrays at Rice Bar (rkm 150) in 1999 only, New York
I sl and (rkm 125), and the Little Goose Dam and forebay as
described by Venditti et al. (2000). These arrays were used to
corroborate data collected during boat tracking, nonitor the
novenents and tenperature exposures of tagged fish, and nonitor
tenperature exposures of fish in the forebay of Little Goose
Dam

Dat a Anal ysi s

Mean water column tenperatures were cal cul ated for each BT
transect and plotted to exam ne | ongitudi nal and seasonal
trends. Frequency histograns were constructed to determ ne the
anount of tenperature variation within BT profiles. To
determne if fish and water tenperatures were different, nean
hourly tenperatures for each fish were conpared to nean BT
tenperatures at fish |locations using paired t tests. Only fish
with five or nore detections were included in the anal yses.
Data were anal yzed by tine period and year.

Thermal exposure in cumulative daily tenperature units
(CTU) was cal cul ated for each fish that passed Little Goose Dam
Exposure was cal culated as the tine (d) froma fish’s release to
its first detection at an exit site at Little Goose Dam
mul tiplied by the nean reservoir tenperature for that tine
period. H gh CTUs indicate greater tenperature exposure. Mean
exposures were conpared between tine periods within each year
usi ng anal ysis of variance and the Student-Newran-Kuels nmultiple
range test. Wthin time period conparisons were nade between
years using two-tailed t-tests. Al anal yses were conducted
using SAS statistical software (SAS 2000) and significance was
designated at P < 0.05.

Resul ts
Reservoir tenperatures
Littl e Goose Reservoir showed simlar trends in
| ongi tudi nal tenperature variation in both 1998 and 1999. Water

tenperatures were progressively higher fromthe tailrace of
Lower Granite Damto the forebay of Little Goose Dam (Figure 2).

177



22

o 1998
A A A
a A 4 A
‘C‘)A 8 o A
_ o o)
21 goagﬁ gg B QSOO 0° 5
¢ e® "3
¢ ®e o o ® v, A
. © e PRV A4y o
20 H ® S °® ° e
<><><> n'ﬂannn
o 10-19 Jul
19 1 20 Jul-1 Aug
A 2-14 Aug
—~ o 15-28 Aug
O ® 29 Aug-7 Sep
o 18 A
3 T T T T T
g #7 o
o 1999 o 3-15Aug
£ a  16-25 Aug
IG—J 91 | A 26 Aug-4 Sep
o (@]
o)
204 g© © 5
[+ ]
8, ©
n A 4 oo
19 1 “a8°°%0, o °o
hAa,LA B n  a
HHHEQ a AL A
2 o Aanm
o AA a
18 - a o
0 5 10 15 20 25
Transect

Figure 2.-Mean tenperatures as neasured with a
bat hyt her nograph (BT) by transect and sanpling period in Little

Goose Reservoir

means of BT tenperatures at each transect.

in 1998 and 1999.

The solid |ines represent the
Transects were

spaced at approximtely 2.5-kmintervals and were nunbered
consecutively beginning wwth transect 1 in the Little Goose Dam
forebay and ending with transect 25 in the Lower Ganite Dam

tailrace.
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Mean BT-transect tenperatures ranged from 19.5°C to 21.7°Cin
1998 and from 17.6°C to 21.8°C in 1999. No individual water
tenperatures were <17.6°C in either year. The maxi num water
surface tenperatures were 26.0°C in 1998 and 26.9°C in 1999. The
hi ghest water tenperatures generally occurred in the top 1 m of

t he water col um.

Mean tenperatures in Little Goose Reservoir were generally
>20°C in 1998 and were <20°C in 1999 (Figure 2). Seasonal
variation in tenperatures was greater in 1998, wth the water
tenperatures in the upper third of the reservoir being the
| onest during the latter half of July and highest in the | ower
hal f of the reservoir in early August (Figure 2). Seasonal
reservoir tenperatures were less variable in 1999, and the
entire reservoir averaged about 0.6°C higher during the first
hal f of August than later in the year.

BT tenperature profiles fromLittle Goose Reservoir showed
that the water columm was generally honmothermic with no verti cal
stratification, except for higher tenperatures in the top 1 m
We described the vertical thermal gradients in the water col umm
using the frequency distribution of the differences between
m ni mum and maxi num wat er tenperatures neasured in BT profiles
(Figure 3). Eighty-seven percent of the BT profiles in 1998 and
82% of the profiles in 1999 had maxi num vertical tenperature
variations of 2°C or less. The greater tenperature differences
in Figure 3 were due to higher water tenperatures neasured near
t he surface.

Radio tel enetry

The tenperature histories of radio-tagged fish in Little
Goose Reservoir were generally not significantly different from
mean water colum tenperatures neasured with a BT at fish
| ocations (Table 2). Significant differences between nean
tenperature of fish and water were found in 4 of 10 t-test
conpari sons. However, differences between neans ranged from
0.0°C to 0.3°C and averaged about 0.1°C (Table 2). This nean
difference is less than the error associated with the tags thus
we do not consider the differences biologically significant.

We cal cul ated the thermal exposure of 90 fish detected in
the Little Goose Dam forebay or at an exit site indicating that
t hey had passed the dam Thernmal exposure of juvenile fal
chi nook sal non increased throughout the sumer in 1998, but no
trend was evident in 1999 (Figure 4). Significant differences
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Tabl e 2.-Mean tenperatures (°C) of juvenile fall chinook sal non
fitted wth tenperature-sensing radio tags, and neasured in
Little Goose Reservoir with a bathythernograph (BT) at fish
| ocations during 1998 and 1999. Means are sumari zed by tine
peri od.

Mean Mean
fish BT
Ti me period N tenp tenp Di fference
1998
10-19 July 68 20.8 20.7 0.1
20 Jul y-1 August 12 20.9 20.8 0.1
2-14 August 41 20. 4 20. 3 0.1
15- 28 August 8 20.6 20.5 0.1
29 August -7 Septenber 70 20.5 20. 4 0.1
1999
5-19 July 46 18. 2 18.0 0.2
20 July-2 August 60 19.5 19.2 0.3
3-15 August 10 19.8 19.8 0.0
16- 25 August 58 19.5 19.2 0.3
26 August -4 Septenber 93 19. 4 19.3 0.1
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exi sted between thermal exposures for different tine periods in
1998 (P = 0.0024). The exposure of fish fromthe early-July
time period was significantly different fromfish in |ate August
and early Septenber periods, but there were no significant

di fferences between exposures after late July. No significant
differences in seasonal exposures were found in 1999. Between-
year conparisons showed that exposures were significantly
different during early July (P = 0.0120) and | ate August (P =
0.0034) (Figure 4).

Di scussi on

Tenper ature-sensing radi o tags effectively provided thernal
exposure data for juvenile fall chinook sal non m grating through
Little Goose Reservoir. W used gastric, rather than surgical
i npl antation of tags because we believed it was | ess intrusive
for the size of fish with which we worked. Although gastric
i npl antation reduces long-termgrowh in juvenile sal nonids
(Adanms et al. 1998b), there is less potential for short-term
bias in swi mm ng performance (Moser et al. 1990, Peake et al.
1997, Adans et al. 1998a). The fish tagged in this study
behaved simlarly and had mgration rates simlar to fal
chi nook sal non radi o tagged and released in Little Goose
Reservoir by Venditti et al. (2000).

Bat hyt her nograph tenperatures in Little Goose Reservoir
showed that during the sunmers of 1998 and 1999 the reservoir
was well m xed, exhibited no thermal stratification, and had no

wat er tenperatures <17.6°C. These data are simlar to the
findings of Bennett et al. (1997) who used a nore coarse-scale
tenperature nonitoring approach in the | ower Snake River
reservoirs in the early 1990s. Cenerally, fish did not have a
wi de range of tenperatures fromwhich to choose in Little Goose
Reservoir, likely due to the lowretention tinme of water in the
reservoir, that contributes to well-m xed, honotherm c
conditions. Qur conparisons of hourly fish tenperatures and
anbi ent water tenperatures at fish |ocations reveal ed no
biologically significant differences (Table 2). As a result,
mean water colum tenperatures could be used as a surrogate for
fish tenperatures in Little Goose Reservoir and potentially for
other main-stemreservoirs that are predom nantly honot herm c

We found no evidence that thermal refugia existed in Little
Goose Reservoir. W defined thermal refugia as having

tenperatures <17.8°C, which represents the maxi num tenperature
preference for subyearling fall chinook salnmon fromthe Col unbi a
Ri ver (Sauter et al. 2001). The |owest tenperature recorded by
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the BT or radio-tagged fish was 17.6°C, which was neasured on a
single occasion in md August, 1999.

The thermal exposure of juvenile fall chinook salnon in
Little Goose Reservoir was prinmarily influenced by residence
time wwthin each year and by tenperature differences between
years. In 1998, tenperatures were relatively constant over the
season (Figure 2), but fish residence tines in the reservoir
i ncreased seasonally. Both residence tines and tenperatures
exhibited little seasonal variation in 1999. Although

tenperatures were about 1°C |l ower overall in 1999 conpared to
1998 (Figure 2), longer residence tinmes for fish mgrating early
in 1999 contributed to their greater thermal exposures. Both

hi gher tenperatures and | onger residence tinmes in |late 1998
resulted in higher exposures than in 1999.

During our study, water tenperatures neasured at Little

Goose Dam exceeded the 20°C tenperature standard for 56 d in 1998
but only for 4 d in 1999. These tenperatures contributed in
part to the greater thermal exposure experienced by fish in
1998. Two nethods to reduce thernmal exposure of juvenile fal

chi nook salnmon in the | ower Snake River are 1) to reduce
residence times during mgration or 2) to cool the reservoir
water. Since 1992, fishery nmanagers have attenpted to do both,
and thereby increase survival, by augnenting sunmer flows with
col d-wat er rel eases from Dnorshak Reservoir in lIdaho. Flow
augnentati on not only reduces water tenperatures, but al so

i ncreases flow, which reduces fish travel tinme (Berggren and
Filardo 1993). Connor (2001) used a one-di nensi onal heat budget
nodel to conpare observed and predicted water tenperatures of
the Lower Granite Reservoir tailrace in 1998 and 1999 both with
and wi thout flow augnmentation from Dworshak Reservoir. Figure 5
summarizes his results, which show up to a 3-4°C reduction in
sumer wat er tenperatures due to flow augnentation. Wthout the
current tenperature reduction that flow augnentation affords,

t hermal exposure of juvenile fall chinook salnmon in the | ower
Snake River would be higher, and would potentially further
reduce their survival. Continued flow augnentation using water
from Dwor shak Reservoir may be the only way to prevent the
exceedi ng the tenperature standard for the | ower Snake River.
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Figure 5. Mean daily observed (thin line) water tenperatures
in the Lower Gianite Damtailrace with fl ow augnentation from
Dwor shak Reservoir and those predicted (heavy line) w thout flow
augnentation in 1998 and 1999. (Cbserved tenperatures were
measured with a thernograph and predicted tenperatures were
obt ai ned from a one-di nensi onal heat budget nodel (Yearsley et
al. 2001). 1In 1998, flow augnentation began on 13 July and
ended on 23 August, and in 1999, flow augnentation occurred from
19 July through 29 August. This figure was reproduced with
perm ssion from Connor (2001).
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